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ABSTRACT 
 
Using molecular dynamics (MD) simulations we investigate the surface-stress-
induced structural transformations and pseudoelastic behavior in palladium (Pd) 
crystalline nanowires. For a <100> initial crystal orientation our studies indicate that the 
surface stress can cause Pd nanowires to spontaneously undergo structural changes with 
characteristics that are determined by the wire cross-sectional area. Specifically, when the 
cross-sectional area is below 2.18 nm × 2.18 nm the wire changes spontaneously its 
crystal structure from the initial fcc structure to a body-centered tetragonal (bct) structure. 
In wires of larger cross-sectional area (i.e., 2.57 nm × 2.57 nm) the structural 
transformation is achieved via a spontaneous lattice reorientation leading to an fcc wire 
with <110> orientation and {111} side surfaces. In both cases, under tensile loading and 
unloading Pd nanowires transform reversibly between the corresponding transformed 
structures and the original <100> structure exhibiting pseudoelastic behaviors 
characterized by comparable, fully recoverable, strains of up to 50%. Moreover, the 
temperature-dependence of the two pseudoelastic behaviors enables the shape memory 
effects in Pd nanowires in both cases. 
In the nanofilm case, our MD simulation results show that if the film is only a few 
nanometers thick the spontaneous reorientation of the (001) top layer leads to rolling-up 
of the initially planar free standing, (001)/(111) bilayer into a tubular or coiled structure. 
The driving force for this process is given by the existence of an initial mismatch strain 
between the two nanometer thick layers of different textures. Our detailed analysis of the 
reorientation process indicate that the bilayer self- rolling is determined by both energetic 
and kinetic processes characterizing the spontaneous structural reorientation of the top 
 x
(001) textured layer to the (111) orientation of the substrate layer. Specifically, the 
analysis of the simulation results indicate that reorientation of the (001) top layer 
proceeds via a mechanism characterized by nucleation from multiple sites, propagation 
and growth of the new (111) oriented domains embedded in the original (001) oriented 
layer. While individually the newly formed (111) domains grow free of defects a region 
containing a surface dislocation like linear defect forms at the boundary where two such 
domains meet. The equilibrium of the newly formed bilayer structure containing the 
surface dislocations is attained by multiple localized bendings of the bilayer structure 
about the direction coinciding with the dislocations line (the [110] direction). The spacing 
(density) of the nucleation is a function of temperature and influence the radius of 
curvature of the resulting structure.  
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CHAPTER 1 
INTRODUCTION 
Nanotechnology, which has attracted intense research activities in the past several 
decades, is an interdisciplinary research area cutting across the disciplines of engineering, 
chemistry, material science, and physical/biological sciences. It has became a branch of science 
and engineering dealing with the synthesis and fabrication of new structural materials, functional 
devices, and machines ranging in size from 1 nm to 100 nm. Research in nanotechnology 
involves three basic topics: nanomaterial synthesis, physical properties characterization, devices 
design and assembly. There are in general two conceptually distinct methodologies of  
fabrication of small objects: the so-called top-down and bottom-up approaches. 
In the top-down approach, small features are patterned in bulk materials by a combination 
of lithography, etching, and deposition to form functional devices and corresponding integrated 
systems. The top-down approach has been exceedingly successful in many venues with 
microelectronics being perhaps the best example today. While developments continue to push 
the resolution limits of the top-down approach, these improvements in resolution are associated 
with a near-exponential increase in cost associated with each new level of manufacturing facility. 
These economic limitations and other scientific challenges with the top-down approach, such as 
making nanostructures with near-atomic resolution and incorporating materials with distinct 
chemical and functional properties, have motivated efforts worldwide to search for new 
strategies to meet today and future demands for nanoscale structures [1, 2]. 
The bottom-up approach, in which functional structures are assembled from well-defined 
chemically and/or physically synthesized nanoscale building blocks, much like the way nature 
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uses proteins and other macromolecules to construct complex biological systems, represents a 
powerful alternative approach to conventional top-down methods [3]. The bottom-up approach 
has the potential to go far beyond the limits and functionality of top-down technology by 
defining key nanometer-scale metrics through synthesis and subsequent assembly and not by 
lithography. Moreover, it is highly likely that the bottom-up approach will enable entirely new 
device concepts and functional systems and thereby create technologies that we have not yet 
imagined. For example, it is possible to combine chemically distinct nanoscale building blocks 
that could not be integrated together in top-down processing and thus obtain unique function 
and/or combinations of function in an integrated nanosystem. 
Some of the most active areas of research in nanotechnology are the synthesis and 
property characterization of nanomaterials including carbon nanotubes, nanowires, quantum 
dots, and nanoparticles. During the past two decades, nanomaterials have become an exciting and 
rapidly expanding research area and much of this excitement has arisen from the discovering of 
new physical phenomena, increased functionality, and high integration density of nanostructured 
components. Metallic and semiconducting nanowires have shown great promise as building 
blocks in future nanoscale structures due to their novel mechanical, electrical and optical 
properties [4–8].  
As shown in Figure 1.1 (a), nanowires have been suggested to be used in solar cells, 
which are devices that convert energy of light into electrical energy. The introduction of 
nanowires to solar cells increases the rate of charge (electrons) collection and thus improves the 
energy conversion efficiency of solar cells. Figure 1.1(b) and (c) illustrate the usage of nanowires 
as key components in nanosensors [7, 10] and nanophotonics [8, 11]. Photonics is the science of 
generating, collecting and detecting photons. The small size of nanowires offers the opportunity   
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(a) 
 
(b) 
 
 
(c) 
 
Figure 1.1 Examples of potential applications of nanowires: a) solar cells, b) nanosensors and c) 
nanophotonics (bottom). Pictures are taken from [9]. 
 
of manipulation and utilization of optical energy in integrated photonic nanodevices for 
communication and sensing. For example, it has been demonstrated that metal nanowires are 
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suitable for low-loss optical wave guiding and surface plasmons resonators, which might enable 
improved spatial resolution in plasmon-based photonic circuitry. Due to the small mass and high 
stiffness nanowires have very high natural frequencies, therefore when biomolecules, such as 
viruses or proteins, attach to a nanowire its mass will change dramatically and so will the 
frequency. Thus the nanowires can be used as key component in high resolution nanosensors in 
biodetection and in medicine. 
In the past few years, significant progresses have been made in experimental, theoretical, 
and computational study of nanowires structures and properties. Despite these advances the 
application of nanowires requires fundamental understanding of their structural characteristics 
and thermo-mechanical properties, which are critical for their fabrication, assembling, and 
functioning. The nanowires have many attractive properties and in the present research we 
focused on their size-dependent structural stability and mechanical properties. The interest in the 
mechanical properties arises from the following two facts: (1) nanowires exhibit superior 
mechanical properties compared to the corresponding bulk material, including high stiffness, 
large yield/fracture stress and strain, which are enabled by free surfaces at nanoscale, and (2) the 
physical properties of nanowires are intricately coupled, i.e. electromechanical [12–14] and 
optomechanical [15–18]. Therefore, advances in understanding the mechanical properties, 
structural stability and deformation mechanisms of nanowires can greatly impact our ability to 
design highly multifunctional NEMS devices.  
 
1.1 The Concepts of Surface Energy and Surface Stress 
When compared with traditional bulk materials the attractive properties of nanowires 
arise mainly due to their spatial dimensions, which play important roles in determining their 
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often superior physical properties. At the nanoscale the number of atoms on a specimen surfaces 
is comparable to the number of bulk atoms. This, leads to substantial influences of surface atoms 
on material properties, known as surface effects. For example, the ratio of the surface area to 
volume is about 0.6 nm−1 for a cubic box with the edge length of 10 nm. This ratio is only 0.006 
nm−1 for a cubic box with the edge length of 1000 nm. As the system size increases further, the 
ratio becomes even smaller leading to a negligible contribution of surface atoms to the overall 
properties of nanowires. 
 
 
 
 
 
 
 
 
Figure 1.2 Schematic representation illustrating spontaneous self-contraction of a <100> / {100} 
FCC palladium nanowire due to the presence of a compressive surface stress. The elastic 
contraction is about 6%. The top figure depicts a newly-formed wire prior to elastic contraction 
while the bottom figure shows the resulting wire after self-contraction. 
 
As shown in Figure 1.2 a newly-formed nanowire, created by “cutting” it from the 
corresponding bulk material, contracts spontaneously in the axial direction while expanding in 
the lateral directions. The cross sectional edge length of this wire is about 2.5 nm and no 
externally applied force was present during this contraction. Although the self-contraction effect 
is negligible at macroscopic scale, this plays a major role at nanoscale. This is because the 
surface stress, which is the driving force for contraction, can be very large when at least one of 
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the spatial dimensions is in the nanoscale range. In addition to the surface stress differences in 
structural characteristics, and dislocation nucleation and propagation mechanisms confer novel 
mechanical properties to nanostructured materials, many of which are distinct from those of the 
corresponding bulk materials; these include Young’s modulus, yield stress, fracture strain, and 
resonance properties [19–21]. 
A fundamental understanding of the surface properties, such as surface energy and 
surface stress, can be traced back to the thermodynamic studies of surfaces formulated by Gibbs 
[22]. According to Gibbs definition, surface energy, γ , is generally considered as the reversible 
work per unit area needed to create a new surface. The work, dW, required to create a new 
surface dA is given by 
dAdW γ=    .                                                       (1) 
In the case of elastically stretched solids, another quantity, named surface stress, is commonly 
used. Surface stress is a symmetric second rank tensor, denoted as ijf . It is defined as the work 
per unit area to elastically stretch a pre-existing solid surface and can be related to surface energy 
as [23-25]  
ij
ij
ij
ij
A
A
f ε
γγδε
γ
∂
∂+=∂
∂= )(1         ,                                    (2) 
where ijε  is the elastic strain of area A and ijδ  is the Kronecker delta symbol. Surface stress and 
surface energy have the same units, representing the force per unit length. The relationship 
between surface stress and surface energy can be better understood by using the representation 
depicted in figure 1.3 giving two equivalent reversible paths of an elastically stretched solid. In 
figure 1.3, γ  is the surface energy, A  is the surface area, and ε  is the elastic surface strain, w1, 
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w2, W1 and W2 are the energies associated with the corresponding deformation process. From 
figure 1.3, it can be found that w2-w1 equals to W2-W1, which are expressed as: 
ijij dAfww ε∫=− 212                ,                                    (3) 
∫=−=− )(22)()(212 AdAAWW ooijij γγεεγ   .                             (4) 
Thus, 
γεδγγε AddAAddAf ijijijij +== )(   ,                                     (5) 
from which the equation (2) is derived. 
 
 
Figure 1.3 Schematic representation of two reversible paths that one can use to cut a stretched 
and un-stretched solid. The diagram illustrates the relationship between surface free energy and 
surface stress. The figure is taken from [23]. 
 
The origin of the surface stresses can be understood intuitively from the atomic scale 
perspective by considering the different local bonding environment of surface atoms and bulk 
atoms. Figure 1.4 displays a schematic atomistic representation of a two-dimensional system.  
The atom A is taken to illustrate a surface atom and atom B to represent a bulk atom. It can be 
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seen from this two-dimensional representation that the atom B has six nearest neighbors whereas 
atom A has only four. Moreover the nearest neighbors are distributed symmetrical around (bulk) 
atom B and asymmetrically around the (surface) atom A. Thus, atoms at free surfaces, such as 
the atom A, are in a higher energy state due to the distinct bonding environment. These surface 
atoms can be subjected to local rearrangements that maximizes the atomic density at surfaces, 
lowers material surface energy, and may cause self-contraction as mentioned previously. The 
rearrangement process can be treated as a result of surface effect induced by surface stress. 
 
 
Figure 1.4 Schematic atomistic representation of a two-dimensional system illustrating the 
difference in bonding environment between surface atoms (e.g. atom A) and bulk atoms (e.g. 
atom B). 
 
1.2 The Effect of Free Surfaces on the Properties of Nanostructures 
The surface effects have great influences on the overall material mechanical properties of 
nano-structured systems [19, 26]. Due to the different bonding environment of surface and bulk 
atoms, the elastic properties of surfaces differ from those of an idealized bulk material [21, 26]. 
The differences between surface and bulk elastic properties are magnified by the increase of the 
B 
A 
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surface to volume ratio, which is achieved by decreasing the characteristic dimensions of the 
system. Specifically, at the nanoscale the surface elasticity becomes very important. For 
example, mechanical resonance of a suspended silicon wire exhibits strong dependence on the 
wire surface to volume ratio; that is, the resonance frequency increases as the wire size becomes 
smaller. The size-dependence of the resonance frequency can be used to improve the sensitivity 
of nanowire-based sensors [27]. The surface elasticity and the size dependence of materials 
mechanical properties including elastic modulus [32, 34], yield stress [36], material ductile to 
brittle transition [37, 38], and crystal nanoindentation [39] have been observed and studied by 
many researchers [19, 20, 28–39], 
The size dependence of material systems mechanical properties can be understood from 
the work of Mullins et al. [40]. According to their study, the surface stress is caused not only by 
the atoms located on free surfaces but also by the atoms located on layers near the free surfaces. 
Therefore one can expect that in a given material the rearrangement of atoms will extend several 
atomic layers below free surfaces. Molecular dynamics (MD) simulations have indeed revealed 
that for Al, Ni, and their alloys oscillatory surface relaxation decays exponentially into the bulk 
[41]. These results show that the free surface induced lattice distortion extends only about three 
atomic layers into the bulk [26, 42]. Consequently one can conclude that in bulk specimens 
volume quantities dominate material properties over surface quantities and surface effects are 
negligible under most conditions. 
The influence of free surfaces on the size dependence properties are easier to understand 
when using energy balance arguments. The total energy of a system, TE , comes from two 
contributions: surface energy SE  and bulk energy BE , and can be written as BST EEE += . 
With the decrease of the structure size, the number of atoms in the bulk is decreasing more 
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rapidly compared to the number of surface atoms, indicating an increase of the area to volume 
ratio. Therefore, the weight or the importance of SE  as compared to the total energy TE  is 
increasing with the decrease of the specimen size. As specimen size reaches nanoscale 
dimensions (such as in the case of nanowires or nanofilms) the influence of free surfaces on 
material properties becomes substantial, leading to the rearrangement of interior atoms [43, 44]. 
Thus, material properties become size-dependent and can be dramatically different from those 
characterizing bulk materials.  
In FCC metal nanowires surface stresses play an important role in determining their 
properties. For example, driven purely by surface stresses, a <100>/{100} metal nanowire can 
reorient into a <110> wire with {111} side surfaces if the cross sectional area of the wire is 
smaller than a critical value [45]. During the structural reorientation, due to tensile surface 
stresses on the side surfaces of the metal nanowires the wire contracts in the longitudinal 
direction at a strain level of about 30%. During the reorientation process, the nanowire surface 
atoms maximize their bonding density by rearrangement leading to the conversion of the original 
surfaces to {111} lower energy surfaces. For example, in the simulation of structural 
reorientation [46] the surface energy of gold on {111} layers is 1.283 Jm−2, and on {100} layers 
is 1.627 Jm−2. In gold this amounts for about 21% surface energy reduction as result of the 
structural reorientation. At the newly-formed configuration, atoms are arranged at current 
equilibrium positions and the stresses, including the tensile surface stresses and intrinsic 
compressive stresses, balance each other. In the FCC metal nanowires, surface effects are 
substantial and responsible for various interesting phenomena, such as asymmetric yield strain 
[47], tetragonal phase transformation [48, 49] and surface reorientations [45, 50, 51]. 
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The importance of free surfaces on the deformation behavior and mechanical properties 
of metallic nanowires can be observed mainly from the two aspects: (1) it acts as the defect 
nucleation sites due to the high energy of surface atoms; (2) tensile surface stresses existing on 
free surfaces induces substantial compressive intrinsic stresses inside the nanowires; in turn this 
is responsible for asymmetry yield strain and stress, enhanced elastic properties, and many other 
interesting nanoscale behavior. Diao et al. [52] provided a set of equations that allows evaluation 
of the intrinsic compressive stress along the wire length direction due to the existence of a 
surface stress. According to Diao et al. derivation, the stress state in the interior of the nanowire 
is given approximately by: 
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    ,                                                (6) 
where, 
A
fl4−=σ      ,                                                    (7) 
and f is the surface stress (of the order of 1 J/m2 for metals), l is the width of the nanowire, and 
A= l2 is the cross-sectional area (see Figure 1.5). 
According to Equation (7), the magnitude of intrinsic stresses is correlated to the 
magnitude of surface stresses and the thickness of the nanowire. The intrinsic stress induced by 
surface stress is negligible at macroscopic scale (i.e. micron or millimeter size) and can be on the 
order of MPa or even GPa as the wire thickness shrinks into nanometer range.  The variation of 
the magnitude of intrinsic stress as a function of wire thickness is illustrated in Figure 1.5. 
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Figure 1.5 Representation of tensile surface stresses, f, on the {100} side surfaces of an fcc 
<100> oriented gold wire and the magnitude of the corresponding intrinsic compressive stress, 
|σ|, in the interior of the wire as a function of wire thickness. This figure is taken from [53]. 
 
1.3 Objectives and Outline of the Research Project 
The objectives of this research project was to study the effect of free surfaces on the 
mechanical behavior and thermal stability of fcc metallic nanowires and nanofilms, including 
structural reorientation, phase transformation, shape memory behavior, and film self-bending 
phenomena. As indicated previously, the surface stresses play a very important role on 
nanowires properties, including the self-contraction, which can be substantial as the nanowire 
cross section reduces to a few nanometers. In this study we use molecular dynamics (MD) 
simulations to predict the mechanical properties of metal nanowires and nanofilms and to 
analyze the nanostructures characteristics on their structural and geometrical stability. 
The dissertation material is organized as follows: In Chapter 2 we present a brief 
literature review of the mechanical properties of nanowires, nanofilms, and related novel 
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phenomena such as surface-stress-induced structural reorientation and shape memory effect in 
nanowires. A brief description of structural defects present in single crystals including 
dislocations and stacking faults will also be introduced. In Chapter 3 we give a brief description 
of the molecular dynamics simulation methodology and of the embedded atom method (EAM) 
parameterization of the inter-atomic interactions in metals. In Chapter 4, we present our research 
results of the study of surface-stress-induced crystalline lattice reorientation and pseudoleastic 
effects in palladium nanowires. In addition, we describe our simulation methodology based on 
the top-down “fabrication” process and describe and characterize in detail the deformation 
mechanism in Pd nanowires. The shape memory effect (SME) that is present in nanowires is 
investigated by employing the loading and unloading of nanowires under a quasistatic conditions 
at various temperatures. The focus in Chapter 5 is on understanding the details characterizing a 
novel phase transformation phenomenon in palladium nanowires and on a corresponding shape 
memory effect. In Chapter 6, we present our MD simulation results that document the potential 
of a new methodology for generating  metallic (in our case aluminum) nanotubes, nanobelts, and 
nanocoiles by spontaneous self-rolling of initially planar free-standing bi-layer films that are 
prepared by stacking two nanometer-thin sheets with different crystalline orientations. The 
spontaneous self-rolling of the bilayer structure proceeds via crystalline structure reorientation 
driven by the intrinsic interfacial strain. In Chapter 7 we give the Summary and Conclusions as 
well as a brief overview of the future work. 
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW 
As the scale of a material is reduced to just a few interatomic distances across at least one 
of the three spatial dimensions both the structure and properties can be quite different from those 
of bulk materials. When two spatial dimensions of the systems are in the nanometer range (i.e. 
nanowire structures) the structural characteristics and stability are strongly influenced by both 
surface energy and surface stress.  Metal nanowires are of great technological importance due to 
their potential applications in miniaturized electrical, optical, thermal and mechanical systems.   
 
2.1 Size-dependence of Nanowire Structures 
For a large class of bulk metallic materials the FCC crystalline structure represents the 
lowest energy, highest atomic-packing, crystal structure. In wires of large diameters (e.g. of the 
order of a few microns or millimeters) most of the atoms are located inside the material. As the 
wire diameter decreases in the nanometer range the fraction of surface atoms increases driving 
the wire into new states. Several novel structures have been identified in metallic nanowires 
including: multishell helical gold nanowires, “weird” aluminum and lead nanowires, and body-
centered tetragonal (BCT) gold nanowires 
Gold nanowires have been synthesized down to the lowest diameter possible; the gold 
single-atom chains [2-4]. In practice these single-atom chains are usually formed between a 
scanning tunneling microscope (STM) tip and a gold substrate by driving the tip into the 
substrate and then retracting it in a controlled manner. This new structures are not in the lowest 
energy state and can only exist in the presence of an external tensile loading. At low 
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temperatures, these wires can be as long as 5 atoms and remain stable for less than a few 
seconds. The nanowires are stable in the absence of an external loading only if their diameter 
exceeds a critical value. Both experiments and atomistic simulations have predicted that 
existence of nanowires of the smallest dimensions in the form of helical spiral strands and they 
have been identified in Au [5], Pb, and Al [6]. Usually, the critical lateral size for such structures 
is of the order of 2 to 3 lattice constants. At this size, more atoms are located on surfaces than in 
the core (or “bulk”) [6]. As the wire size increases, helical and cylindrical multi-shell structures 
occur more often in metallic nanowires such as Cu [7, 8], Au [5, 9-11], and Al [6]. The critical 
size range for such structures is between 0.6 nm and 2.2 nm for Au nanowires [5]. When the wire 
size increases further, to a point where there are significantly more internal (bulk) atoms than 
surface atoms, FCC crystalline structures become dominant for metallic nanowires [12-14]. 
 
2.2 Mechanical Properties of Nanowires 
From a mechanical viewpoint, metal nanowires are of great interest because they can 
sustain extremely large stresses and strains, and because their electrical, thermal and optical 
properties are coupled to the mechanical deformations. For example, it has been demonstrated 
that the yield strength of metallic nanowires increases with the decrease of wire cross sectional 
area, and the yield strength can be around 100 times larger than that of the corresponding bulk 
material [15]. Aside from the superior mechanical properties, coupled physics, including 
electrical-mechanical and optical-mechanical properties, has also been demonstrated by various 
researchers [16, 17]. The coupled electrical-mechanical property has been proposed to be utilized 
in future nano-electro-mechanical-syst ems (NEMS), where an external electric field is capable 
of inducing bending moment on freestanding nanowires. The deterioration of the nanowire 
optical properties has been correlated to its mechanical properties. The connection is rooted in 
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the formation of cracks in nanowires, which simultaneously degrade the optical and mechanical 
properties of nanowires [16]. Besides the properties mentioned above, metal nanowires have 
exhibited many other exotic properties such as tensile loading induced atom-thick chaining [18] 
and strain-rate induced amorphization [19]. 
The research work on the mechanical properties of nanowires thus far has mainly relied 
on atomistic simulations rather than on experiments. Due to the small cross sectional area of the 
nanowires, the experimental requirements in handling, positioning, and gripping them accurately 
are difficult to achieve, which leads to significant scatter in reported experimental mechanical 
properties [15, 20–23] and thus impedes on the reliability and repeatability of nanoscale 
experiments. On the other hand, due to the high accuracy, feasibility, and reasonable 
computational cost, atomistic simulations are well poisoned as proven tools for studying the 
mechanical properties of nanowires. 
Using molecular dynamics simulations, two observations have been made by Mehrez et 
al. [18]: first, gold nanowires have exhibited necking down to a single atom chain under tensile 
loading before breaking into two pieces; and second, the conductance of nanowires is closely 
related to the morphology at the yield neck of nanowires. In their work on gold nanowires 
Mehrez et al, have shown that the conductance curves exhibits a staircase-like variation with 
loading steps. This behavior was linked to the nucleation and interaction of defects in nanowires 
under tensile loading. A similar phenomenon has been observed in experiments in atomic chains, 
showing the dependence of conductance on the wire structural variations [24-26]. To understand 
the tensile loading induced atom chaining phenomenon, much effort has been devoted to 
analyzing its formation mechanism and stability through both experiments and atomistic 
simulations [27–34]. It has been demonstrated that this single atom chaining phenomenon 
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appears more frequently in nanowires with <111> and <100> orientations than in <110> oriented 
wires [34], and that the <110> wires are prone to form stable nanobridges [33]. 
One interesting phenomenon observed is that nanowires exhibit a crystalline to 
amorphous structural change under extremely high loading rates, around 1010s−1 [19].  MD 
simulation studies have shown that the crystalline structures of Ni and NiCu nanowires transform 
homogeneously into amorphous states and that there are no twins or dislocations in the 
subsequent loading process. Accordingly, amorphous nanowires exhibit fundamentally different 
stress-strain curves compared to crystalline materials and show extremely high yield strength due 
to the absence of the typical crystalline defects, such as twins or dislocations. Similar strain rate 
induced amorphizations phenomena in Ni nanowires have been observed by Branicio et al. [35]. 
One of the main focuses in atomistic simulations of metallic nanowires is on the 
understanding of fundamentals of deformation mechanisms. Using a tight-binding potential 
(SMA-TB) based on a second-moment approximation, Kang et al. [36] simulated a <100> 
copper nanowire under tensile loading conditions. In their work, they showed that the first yield 
point appears at a strain of ε = 13.3%, and the subsequent deformation alternates between quasi-
elastic and yielding stages. The first yield is due to an abrupt slip on {111} planes, while 
alternating elastic and yielding stages correspond to energy storing and atomic structure 
disordering period, respectively. This alternation process in stress-strain curves has also been 
observed in MD simulations by Mehrez et al. [18]. In addition, Kang et al. have revealed that the 
deformation of <100> copper nanowires is mainly attributed to two distinct slip mechanisms: the 
glide of a dislocation on {111} planes and the homogeneous slip of one plane over another. The 
crossover of the two slip events is responsible for a reduction of nanowire diameter, thus leading 
to necking. Discussions on metal nanowires under other mechanical loading forms, such as 
compression, torsion and shear, have been studied by researchers as well [36-38]. 
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One of discoveries concerning metal nanowires is that their mechanical properties are 
closely related to loading rates and cross-sectional sizes [29, 39–41]. Loading rate dependence is 
expressed with the magnitude of yield stresses and yield strains, which are distinct under 
different loading conditions. It is believed that metal nanowires exhibit largest strength under 
two conditions: one is with quasistatic loading and another one is with the loading rates above 
1010s−1 [29]. The high strength, which appeared in quasistatic loading, is due to the fact that 
atoms can relax to their equilibrium positions after each loading increment, while the latter case 
is related to loading rate induced amorphization [19, 29]. Of the present accessible loading rates, 
107 - 109s−1, it is noticed that yield stresses and yield strains increase with the increase of loading 
rates, although the difference in magnitude is strong. The increase in the magnitude of yield 
strain indicates a strain rate hardening mechanism in nanowires. The dependence in yield stress 
is believed to be associated with phonon drag or dynamic wave effect [40], which inhibits the 
dislocation initiation or occurrence of slip in metal nanowires. The cases with even lower loading 
rates, below 106s−1, are not readily available yet due to the limitations of current of 
computational power. 
The dependence of the deformation behavior and mechanical properties on the cross 
sectional size has been documented by various researchers as well. For example, it has been 
found that if the metallic nanowires preserve their crystalline structure during the deformation, 
crystalline slip is the main deformation mechanism for wires with small cross sections and cross 
slip is responsible for the plastic deformation of wires with relative larger cross sectional areas 
[40, 42]. This phenomenon can be understood by noticing that in wires with larger cross 
sectional areas there is an enhanced opportunity for dislocation motion which in the end leads to 
a decrease in both yield strain [29] and yield stress [15, 40, 43].  Besides the magnitude of the 
cross sectional area, the axial orientation does have an important influence on wire mechanical 
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deformation mechanism and properties. Although most research studies on nanowires so far have 
been concentrated on <100> wires [19, 27, 29, 32, 35, 36, 40, 44], deformation behavior of 
nanowires is of different crystallographic orientations have been considered as well [34, 46]. 
These studies have indicated for example that <110> wires can form long stable nanobridges 
under tensile loading, while <100> and <111> wires cannot [31, 33, 45].  
Recently, an novel feature has been revealed in metallic nanowires indicating that phase 
transformations and structural reorientations can occur spontaneously provided the cross-
sectional area of the nanowire is below a critical value [6, 25,50, 53,86]. For example, gold 
nanowires can undergo a phase transformation from face-centered cubic (FCC) to body-centered 
tetragonal (BCT) when the diameter of the wire is below about 2 nm [6,25,53]. This phase 
transformation process is driven primarily by the surface stresses and allowing at the same time a 
reduction of the wire surface energy. This phenomenon is an intrinsic nanoscale phenomenon 
and does not occur in wires of macroscopic diameters because surface effects are size dependent 
and are substantial only at such small scale. The same surface stress can also lead to other 
structural transformation mechanisms such as crystalline structure reorientation, in which a 
<100> wire can spontaneously reorient into a <110> nanowire with {111} side surfaces. 
Atomistic simulations have been performed to study this phenomenon by various research 
groups [48, 49, 46, 47, 50-52]. The existence of both the phase transformation and structural 
reorientation phenomena have been confirmed recently by density functional theory calculations 
[53]. 
Of further interest are the phenomena of shape memory and pseudoelastic behavior which 
have been observed in various pure metal nanowires [49–52]. The pseudoelastic behavior has 
also been observed in NiAl nanowires; process that has been proven to be mediated by a 
martensitic-like phase transformation [54]. The ability to exhibit shape memory effect indicates 
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that metal nanowires may fill a critical need as self-healing materials in the next-generation of 
nanodevices; a role similar to that plaid by the shape memory alloys (SMAs) in today’s 
applications. However, due to the novelty of nanowires, more fundamental research work needs 
to be carried out to understand their governing mechanisms and then to better utilize these shape 
memory effect characteristics in the future. 
Recently, Park et al. [46] revealed that the mechanical deformation mechanism of 
metallic nanowires depend not only on the wire axial orientation but also on the side surface 
facets. For example, a <100>/{100} nanowire exhibits twins in the post-yield period under 
compression, resulting in {111} side surfaces; while a <100>/{110} wire under compression 
exhibits distributed stacking faults along the wire axial direction. Both of these wires have the 
same axial orientations and size but different side surfaces orientations. The specific crystalline 
orientations of the wire surfaces impact on deformation mechanism is another example of 
nanoscale phenomena. To gain a better understanding of the influence from side surfaces facets, 
fundamental research work has been performed to characterize the coupled effects of geometry 
and side surface orientation on the deformation behavior and mechanical properties of metal 
nanowires [42, 55, 56]. 
 
2.3 Surface-Stress-Induced Phenomena in Nanofilms 
Similar to nanowires, films of nanometer scale thickness (systems in which one 
dimension is in the nanometer range) exhibit novel properties. It is now well established that the 
surfaces of semiconductors and some metals undergo surface reconstruction. Many (001) 
oriented surface of fcc metals on a substrate reconstruct to a contracted, quasihexagonal, closed 
packed layers [57,58]. The driving force for the reconstruction is the reduction of the surface 
energy enough to compensate to compensate for the ensuing mismatch strain between the 
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reconstructed and unreconstructed layers. Nevertheless, surface reconstruction on a substrate in 
fcc metals is by no means spontaneous and favored.  Surface reconstruction phenomena can be 
controlled by changing the temperature or the stress. In some cases, external stress must be 
applied to overcome the substrate resistance to produce reconstruction [57]. Reconstruction can 
also be induced by increasing temperature [58].  
For free standing or suspended metallic films, surface stress should become increasingly 
comparable to the remaining bulk force as the film thickness decreases. This in turn can lead 
crystal structure reorientation of the entire film. In their experimental work on gold (001) 
oriented free standing nanofilms Kondo [59] et al., have shown that local thinning by irradiation 
with an electron beam, leads to spontaneous filmwide crystalline reconstruction. Namely when 
the irradiated region becomes very thin, about 2nm, the film spontaneously transforms into the 
(111) orientation. The critical thickness for this transition was determined by electron 
holography to be about 2nm. Therefore in order to remain stable a gold (001) oriented film must 
be at least eight layers thick. The spontaneous structural reorientation of gold thin films was also 
investigated using molecular dynamics simulations by Hasmy and Medina [60]. Their 
simulations showed that, indeed, the (001) to (111) structural reorientation occurs even at very 
low temperature results that are in good agreement with experimental investigations. Further 
simulation studies on Pt, Al, Ag, and Ni suggested that in suspended films the structural 
transition is generic to other metal nanofilms. Understanding the forces and the mechanisms 
leading to structural changes in nanofilms may be great relevance for the future developments in 
nanoscale science and technology. 
Exploiting the unique surface properties of a large class of materials, recently new 
methodologies were proposed [61] to form nanotubes from thin solid films. Two methodologies 
of rolling-up thin films into nanotubes have received a great deal of attention lately and they are 
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referred to as the ‘general’ and the ‘specialized’ method. Both rely on the release of pre-strained 
thin films of the given material from a substrate by a selective etching process. The general 
method, shown schematically in figure 2.1a, includes the following steps: i) an etchant-sensitive 
material is deposited on a substrate ii) on top of this sacrificial layer it is deposited a thin film iii) 
after selective etching of the sacrificial layer, the thin top layer is wrapped up and folded back 
onto the sample surface, where it can bond to itself. At the position where the layer bends, a 
nanotube has formed. The specialized method shown in figure 2.1b differs from the general one 
in the layer sequence. Basically, the layer sequence consists of an etchant-sensitive material, 
followed by  a bilayer of two different materials (material 1 and 2). Material 1 has a larger lattice 
constant than material 2. Once the bilayer is released by selective etching, each material tends to 
acquire its inherent lattice constant. The bilayer bends upwards, finally forming a nanotube after 
one complete revolution. 
       
Figure 2.1 Schematic representation of two methodologies (generalized and the specialized) used 
for forming solid-state nanotubes [61]. 
 
Experimental work in this area have shown that the two methods described above allow 
fabrication, with an unprecedented level of control, of a variety of nanostructures such as: 
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nanotubes, nanorings, nanodrills and nanocoils, using combinations of different materials, 
etchants, and substrates [62]. All these different classes of nanostructures are formed by the same 
mechanism, namely, the tendency of strained bilayer films to bend (or to fold). One outstanding 
advantage of this nanofabrication technique is its versatility. Not only can a variety of 
nanomechanical architectural design be made, but they can also be made with different materials, 
including semiconductor, metals and insulators, as well as combination of these materials. An 
interesting analyses based on experimental data show that there exits fundamental geometric and 
physical conditions controlling the formation of nanotubes (nanorings) versus nanocoils. For an 
elastically isotropic film, the critical geometric condition for nanocoil formation is that the film 
width must be smaller than 2πR, where R is the characteristic bending radius of the given bilayer 
film. For an anisotropic film, nanocoil formation depends critically on the alignment of the most 
compliant direction of the film with respect to the film geometry (i.e., its long edge). 
The self-bending mechanism of semiconductor heterostructures has been investigated by 
direct atomistic simulations [73] and continuum theories [62]. The driving force for nanofilms 
self-bending comes from various sources such as: elastic misfit strain between the constituents of 
the bilayer nanostructures, the asymmetry in the surface stress caused by molecular adsorption or 
as result of surface reconstruction. In a recent atomistic simulation study Zang et at. [63] have 
demonstrated that ultrathin Si and Ge nanofilms of certain thicknesses may self-bend even in the 
absence of an external stress, under their own intrinsic surface stress imbalance.   
 
2.4 Basic Overview of Dislocations, Stacking Faults and Twins 
The mechanical properties of FCC metals are determined to a large extent by the lattice 
defects that are present or are nucleated during deformation process. These defects include 
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dislocations, stacking defaults, and twin boundaries. In this section, a brief overview of these 
three types of crystalline defects will be given. 
 
Figure 2.2 Schematic representation of an edge dislocation in a 2D close packed plane. 
A dislocation is a line defect, whose magnitude and moving direction are characterized 
by its Burgers vector. Depending on the relative orientation of the Burgers vector with respect to 
the dislocation line there are two types of dislocations present in FCC metals. When the 
dislocation line is parallel with the Burgers vector, the dislocation is called screw dislocation.  
When the Burgers vector and dislocation line are perpendicular the dislocation is called edge 
dislocation. The commonly observed dislocations in crystals have curved shapes and have mixed 
screw-edge character. Figure 2.2 presents a schematic representation of an edge dislocation in a 
two-dimensional close-packed plane. Although the edge dislocation, represented in this figure as 
the atomic position where the half extra plane ends, is easy to represent and visualize in three-
dimensions this task becomes more complicated. 
Based on the understanding of dislocation motion and interactions one can rationalize: (1) 
why the stress required to plastically deform a crystal is much less than the theoretical shear 
strength of a perfect crystal and (2) why the materials harden as result of plastic deformation. In 
general in a FCC crystalline structure a full dislocation has a high energy and can be lowered if 
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the dislocation splits into two partial dislocations. Namely in an FCC metal a full 
2
1 [110] 
dislocation can be decomposed into two partial dislocations, a 
6
1 [121] and a 
6
1 [211]. Once the 
partials are created, they may move away from each other due to their mutual interactions and/or 
the presence of external stresses. As the partial dislocations move away from each other they 
remain connected through a planar defect called stacking fault (see Figure 2.3). In FCC crystals, 
the {111} plane is the close-packed plane, and thus it is the dislocation glide plane and the 
stacking fault plane. The normal stacking sequence of a perfect FCC crystal along <111> 
directions is ABCABCABCABC, while with a stacking fault, the stacking sequence is modified 
to ABCABABCABC, missing a ’C’ layer between the two layers marked in red in the sequence 
containing a stacking fault. Twin boundaries (or twins) correspond to a mirror reflection in the 
{111} layer in FCC crystal. For a twin, the previous stacking sequence becomes to 
ABCABC BACBA, where the middle C layer with a bar is the twin boundary. 
 
Figure 2.3 An illustration on the formation of stacking fault from partial dislocations a 
6
1 [121] 
and a 
6
1 [211], which in turn formed from a full dislocations a 
2
1 [110]. This figure is taken from 
[64]. 
 
 
Due to the higher energy of full dislocations compared with partials, the initiation and 
development of plastic deformation mediated by full dislocations requires more work compared 
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to those mediated by partials that lead to the formation of both stacking faults and twins. In FCC 
crystals, the twinning energy is around one half of the stacking fault energy [65]. Thus the 
material that shows plastic deformation with twins has a lower yield stress. 
 
2.5 Shape Memory Effect and Pseudoelasticity 
Until recently shape memory effect (SME) and pseudoelastic behavior were usually 
considered only when referring to bulk materials and were observed in certain metallic alloys, 
liquid crystal elastomers, and piezoelectric ceramics [66]. In our research on single crystalline 
FCC palladium nanowires a novel pseudoelastic behavior and shape memory effect is reported 
and investigated. The novel pseudoelastic behavior arises from the presence of reversible lattice 
reorientation process present in these systems. As elaborated in the following chapters this 
phenomena is mediated by two distinct mechanisms: twin boundary propagation and phase 
transformation. The pseudoelastic behavior mediated by phase transformation mechanism is 
similar to, but still different than, the martensitic transformation which is responsible for the 
shape memory behavior in most bulk shape memory alloys (SMAs). The fundamentals of SME 
in bulk SMAs can help understanding the novel SME in nanowires; mainly because both 
behaviors share many common characteristics such as: the presence of large reversible strains, 
the temperature dependence of the process, and the diffusionless, short-range atomic 
rearrangement, mediated phase transformation. 
SME and pseudoelastic behavior refer to the phenomenon according to which a specimen 
after being plastically deformed recovers its original configuration after mechanical unloading 
combined with heating [66]. These unique properties are observed in bulk SMAs such as NiTi, 
Cu-Zn-Al, and Cu-Al-Ni. They have been used in a wide variety of applications such as 
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transducers, sensors, and actuators. SMAs have also been regarded as smart materials mainly 
because they can function as sensors and actuators simultaneously [67, 68]. Until recently, the 
shape memory effect and its underlying pseudoelasticity were considered unique to SMAs, liquid 
crystal elastomers, and piezoelectric ceramics [66]. Recent research has shown however that 
pseudoelasticity may also be found at the nanoscale, in gold nanowires [69] and carbon 
nanotubes. For example, Yakobson et al. [70] and Falvo et al. [71] observed in experiments and 
atomistic simulations that carbon nanotubes can completely recover from sever deformations at 
strains of up to 15% without presenting any residual defects. Bilalbegovic [72] reported that Au 
nanowires can recover their initial lengths and radii after very large compressive strains. 
However, in most of these materials irreversible defects are nucleated under even small 
compressive strains, in contrast to the defect-free processes seen in carbon nanotubes. Landman 
et al. [69] observed reversible changes in structural and electromechanical properties of gold 
nanowires under tensile loading and unloading. Although the aforementioned reversibility in the 
deformation of nanowires provides some evidence of pseudoelastic behavior, so far, no 
systematic research has been done on the SME and pseudoelastic behavior of nanowires 
regarding the controlling mechanisms, constitutive modeling, and the thermomechanical 
conditions under which the behavior exists. 
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CHAPTER 3 
MOLECULAR DYNAMICS SIMULATION 
METHODOLOGY 
 
There are many practical difficulties in experimental studies of the structure, properties, 
and kinetic behavior of nanostructured systems. Although today’s cutting-edge high-resolution 
transmission electron microscope (HRTEM) can resolve individual atoms, obtaining three-
dimensional structures of complex nanostructures is still a daunting task and these are often 
inferred from analysis of many two-dimensional images through tedious trial-and error methods. 
Moreover, it is extremely difficult (if at all possible) to experimentally monitor the real-time 
evolution of nanostructured systems during their structural and conformational changes driven 
by internal or external forces. Therefore molecular dynamics (MD) simulation methodologies are 
well positioned in this respect as in these simulation methods the nanostructures evolution can be 
easily captured and analyzed by tracking the movement of all atoms comprising the system. By 
employing the MD simulation methodology one can predict the structure, stability, and the 
dynamic behavior of nanostructured systems before they are actually fabricated experimentally. 
Moreover, by providing mechanistic insights on the physical processes controlling the behavior 
of the system the MD simulations can yield useful information for interpreting experimental 
results and help the design effort of new experimental investigations.  
In our research projects we use MD simulations to characterize the structure, time 
evolution, and mechanical behavior of metallic nanowires, nanofilms, and nanotubes. The 
parallel MD code called HELL2dv (developed in the Interfacial Materials Group lead by Dr. 
Dieter Wolf from The Materials Science Division at Argonne National Laboratory) was used to 
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carry out the computations. Embedded atom method (EAM) interatomic potentials were used to 
describe the interatomic interactions in the two metallic systems, Pd [1] and Al [2, 3], used in our 
studies. The graphics package Visual Molecular Dynamics (VMD) was used to visualize the 
simulation results [4]. The computations were carried out on two high performance parallel 
computing clusters, ERIC and TEZPUR, from The Louisiana Optical Network Institute (LONI) 
and The Center for Computation & Technology (CCT) at Louisiana State University. Some of 
the large simulations were run on LONI’s supercomputer Queen Bee.  
 
3.1 Overview  
Molecular Dynamics (MD) is a computer simulation technique where the time evolution 
of a set of interacting atoms is followed by integrating their equation of motion. It basically 
consists in integrating Newton’s second low for each atom present in the system by discretization 
of time. One should be aware that the Newton’s second law is not suitable to characterize the 
motion of atoms involving coupled behavior of electrons and nuclei, whose motion obeys more 
complex quantum mechanical laws, and whose behavior can be inferred by solving Schrödinger 
equation. The foundation for using Newton’s second law to track the motion of the atoms 
without explicit reference to the electrons is provided by the Born-Oppenheimer approximation, 
according to which nuclei, which are much heavier than electrons, move on a time scale that is 
two orders of magnitude larger than that characterizing the motion of the electrons. Thus it is 
reasonable to neglect the details of the electrons movement and limit on tracking the motion of 
the nuclei; motion that obeys Newton’s second law [5]. 
Based on the Newton’s 2nd law, the motion of the atom α  is determined by the force 
acting on the atom  
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where, the  index i in the expression of the force αiF denotes i
th direction, αm is the mass of the 
particle α, and αix&&  is the ith component of the  particle α  acceleration. For a complex system, the 
equations of motion are derived using the Hamiltonian dynamics formalism. The formalism is 
based on the system Hamiltonian which represents the total energy of the simulation system 
written in terms of the generalized coordinates and the corresponding momenta. For an isolated 
system the total energy is constant and the Hamiltonian, H, can be written as 
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where, αkp  denotes the momentum of particle α  in the kth direction; U is the potential energy of 
the system and is a function of positions of all particles comprising the system; Nix  denotes the 
set of all ith components of the positions of all of the particles, N is the total number of particles. 
The forces can be derived from the Hamiltonian by using the expression 
i
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In general, it is difficult to obtain an analytic, closed form, solution for the atoms 
trajectories. Therefore in simulations the equations of motion are solved numerically using a time 
discretization finite difference methodology.  One commonly used finite difference method in 
molecular dynamics is the Verlet method [6]. The Verlet algorithm is developed starting from a 
Taylor series expansion of the position at times tt δ+  and tt δ− , 
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By adding the equation (3) and (4) we obtain:  
)()()()(2)( 42 tOttxttxtxttx iiii δδδδ αααα ++−−=+ &&                       (5) 
According to equation (5), the expression for the position has 4th order accuracy in the 
integration time step δt.  Combining equation (1) and (5) gives 
)()()(2)( 42 tOt
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ααα ++−−=+                        (6) 
Based on the Verlet algorithm one can predict the positions of an atom at time t+δt using the 
atom current position and the position at a previous time step. This algorithm has the virtues of 
high stability and high order accuracy and performs the iterative position calculation without 
using the velocities. However, velocities are necessary to calculate kinetic energy and 
temperature. A first order central difference method is used to estimate the velocities 
t
ttxttxtx iii δ
δδ ααα
2
)()()( −−+=&                                     (7) 
Here, the velocity in the Verlet algorithm has 2nd order accuracy and thus the accuracy of Verlet 
algorithm is )( 2tO δ  
Often, another variant of the Verlet algorithm is used, the so called velocity Verlet 
method, which incorporate the velocities explicitly into the integration scheme. According to the 
velocity Verlet algorithm: 
)()(
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and the new velocity is calculated based on the force at the current position and the force at the 
new position. Compared with Verlet algorithm the accuracy of velocity is improved and it is of 
the order of )( 3tO δ . 
Integrating the equations of motion in an MD simulation requires specification of an 
appropriate integration time step δt. The time step, tδ , should be small enough to capture the 
detailed motion of the atoms and it should be large enough to allow simulations that follow the 
system over large times. Typically δt is chosen to be about 1/50 of the vibration period of the 
atoms around their local minima.  
To start a simulation, it is necessary to specify a set of initial positions and velocities for 
all atoms in the system. For metallic systems, the initial positions are defined on a lattice that the 
specific material crystallizes in, while the initial velocities are assigned according to the 
Boltzmann distribution at the given simulation temperature. 
 
3.2 Description of the Interatomic Interactions in Metals: The Embedded Atom Method 
(EAM) Potentials 
The validity and accuracy of MD simulation results are primarily determined by the 
accuracy and efficiency of the interatomic forces used. The accuracy of the interatomic forces in 
simulations is determined by the selection of the underlying interatomic potential. Among the 
various parameterizations of the interatomic interactions, those based on the first principles (ab 
initio) are the most accurate. According to these methodologies interatomic forces are calculated 
directly from the underlying electronic structures of all atoms present in the system. Although 
there are certain advantages in using this methodology, this method is computational very 
expensive and the computation cost scales as O(N3), where N is the number of atoms in the 
simulation system. Thus, the simulations based on ab initio MD methodology are restricted to 
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very small systems. Pair potential interaction models, including Lennard-Jones potential and 
Morse potential, are computationally much more efficient.  
The expression for the Lennard-Jones interatomic interaction potential is given by 
           ( )
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where ε is the depth of the potential well, σ is the distance at which the inter-particle potential is 
zero, and r is the distance between the two particles. 
There are however serious issues with using pairwise potentials to describe the 
interactions in metals since they fail to capture the essential physics of metallic bonding, such as 
surface effects and local bond order. It is also not adequate to model situations where strong 
localized bonds may form (as in covalent systems). 
To keep a balance between having the correct physical description of the interactions, 
high accuracy, and computational efficiency, many semi-empirical potentials have been 
proposed. The computation of the interatomic forces based on the semi-empirical potentials is 
efficient and the cost is of the same order of magnitude as that for pair potentials, O(N), where N 
is the number of atoms in the simulation system. These semi-empirical potentials are generally 
derived by fitting specific functional forms containing adjustable parameters such that the 
simulation data matches specific experimental data or data derived from first principles ab initio 
calculations. 
Of the various semi-empirical potentials, the embedded atom method (EAM) potential is 
one of the most common used in modeling FCC metals. The parameters of EAM potential are 
generally obtained by fitting cohesive energy, equilibrium lattice constant, cubic elastic 
constants, unrelaxed vacancy formation energy, and bond length and bond strength of the 
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diatomic molecule. Since first introduced by Daw et al. [9], the ability and viability of EAM in 
modeling metals have been analyzed and tested by various researchers [1, 9, 10]. We should 
mention that the classical EAM method is not suitable for describing systems in which there are 
covalent bonds present [10], such as silicon, germanium or carbon (in diamond or graphite 
structures). This is because the EAM description can not account for the angular dependence of 
the interatomic interactions. In cases in which angular dependence is important, such as the case 
of the body centered cubic (BCC) structures, modified embedded atom methods (MEAM) have 
been proposed [11]. 
For a system of N atoms, the total energy U  in the EAM framework can be written as  
∑ ∑ ⎟⎟⎠
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1)( φρ    ,                                   (11) 
where the summation extends over the total number of atoms N in the system. ijφ  is the 
pairewise interaction term which is related to the interatomic distance ijR  of atom i  and j . ijφ , 
the pairwise interaction term, corresponding to the electrostatic interaction between atom i  and 
j ; while iF , the embedding term, describes the quantum effects and is a function of the local 
electron density. This embedding term can be considered as the energy to embed an atom into an 
electron gas with a density iρ , which comes from the contributions of neighboring atoms. The 
embedding term, which includes the contribution of electron density is key to EAM and provides 
a many-body contribution to the energy. iρ , the electron density term, can be written as  
∑= N
j
iji R )(ρρ            ,                                            (12) 
where iρ  depends only on the distance between two atoms. For a system of atoms in equilibrium 
state, the force that comes from embedding term together with the force derived from pairwise 
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interaction term are balanced. A simple way to understand the many-body effect of the 
embedding term, )( iiF ρ , is to look at the variation of bonds strength with the number of bonds 
per atom. In EAM framework, as an atom makes more bonds each bond strength becomes lower. 
Namely making a new bond decreases the average energy per bond although it increases the total 
bonding energy. This is consistent with the traditional chemical bonding, which can not be 
captured in pair potential. Thus the )( iiF ρ  has a positive curvature ( 0/ 22 >∂∂ ρF ). 
In this project, EAM interatomic potentials are chosen for Pd [1] and Al [2, 3]. Additional 
details regarding the numerical expression (given is the so-called potential file) for EAM 
potential for Pd are given in Appendix 1. 
 
3.3 Dealing with the Boundary Conditions  
When performing MD simulations one is faced with the question of what should be done 
with the boundaries of the simulated system? One possibility is to do nothing special; that is, the 
system simply terminates, and atoms near the boundary would have less number of neighbors 
than atoms inside. In other words, the simulated system would be surrounded by free surfaces. 
Unless we really want to simulate a cluster of atoms, this situation is not realistic. No matter how 
large is the simulated system, its number of atoms N would be negligible compared with the 
number of atoms contained in a macroscopic piece of matter (of the order of 1023), and the ratio 
between the number of surface atoms and the total number of atoms would be much larger than 
in reality, causing surface effects to be much more important than what they should. Consider 
1000 atoms arranged in a 10 *10 *10 cube. Nearly half the atoms are on the outer faces, and 
these will have a large effect on the measured properties. Even for 106 atoms, the surface atoms 
amount to 6% of the total, which is still nontrivial. 
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A solution to this problem is to use periodic boundary conditions (PBC). When using 
PBC, particles are enclosed in a box and the images of this box are replicated to infinity by rigid 
translation in all the three Cartesian directions, completely filling the space. In other words, if 
one of our particles is located at position r in the main simulation box, we assume that this 
particle really represents an infinite set of particles located at positions r+la+mb+nc, where l, m; 
n are integer numbers and a, b, c are box sizes along the three spatial directions. Although all 
these image particles move together in the same way, only one is represented and has its 
coordinates tracked in the computer program. 
The key point is that now each particle i in the box should be thought as interacting not 
only with other particles j in the box, but also with their images in nearby boxes. That is, 
interactions can go through box boundaries. In fact, one can easily see that (a) we have virtually 
eliminated surface effects from our system, and (b) the position of the box boundaries has no 
effect (that is, a translation of the box with respect to the particles leaves the forces unchanged). 
In the course of the simulation, if an atom leaves the main simulation box through one facet, it 
re-enters the main simulation box through the opposite facet. Of course, it is important to bear in 
mind and to account for the imposed artifacts due to the periodicity when considering properties 
which are influenced by long-range correlations. Special attention must be paid to the case where 
the interaction potential is long ranged like for example in charged and dipolar systems. 
 
3.4 Controlling the Temperature and Pressure in the Simulated System   
Statistical mechanics provides a link between the macroscopic properties of matter (like 
temperature, pressure, etc.) and the microscopic properties (like positions, velocities, individual 
kinetic and potential energies) of atoms and molecules that the system is made of. These 
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macroscopic properties reflect the time average behavior of the atoms at equilibrium. Next we 
give a brief description of the basic technical terms pertinent to the MD simulation methodology.  
Prior to starting an MD simulation one is faced with the task of initializing the atomic 
positions and velocities for all atoms comprising the simulated system. In the case of crystalline 
solids like metals the starting positions will be defined by the crystal symmetry and the positions 
of atoms within the unit cell of the crystal. The unit cell is then repeated periodically in space to 
fill up the desired simulation box that has the characteristic dimensions of the system to be 
investigated. The initial velocities are assigned according to a Boltzmann distribution at a certain 
temperature. This is achieved numerically by using Gaussian distributed random numbers that 
are multiplied by the mean square velocity which in turn is given by mTkB /2  in each of the 
three directions By generating the initial structure and assigning initial velocities to each both the 
initial temperature and the total energy of the system are predefined. The total energy of the 
system is given by  
tottottot PEKEE +=   ,                                                        (13) 
where KEtot is the total kinetic energy of the system and is given by  
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PEtot is the total potential energy of the system and it is expressed as a sum of the potential 
energies of all atoms in the systems. Knowing the total kinetic energy at a moment in time one 
can use this relation to define an instantaneous temperature ,T(t), at time t: 
( )2,2,2,
1
1)( iziyix
N
i B
vvvm
Nk
tT ++= ∑
=
  ,                                          (15) 
 47
 where kB is the Boltzmann constant, m is the mass of an atom and N is the total number of 
atoms in the system. In addition to temperature, the pressure also needs to calculated and often 
controlled during a typical MD simulation. There are several different (but equivalent) ways to 
calculate the average pressure in a classical N-body system. The most common methodology is 
based on the virial equation for the pressure. For pairwise additive interactions, one can write [ 
12] 
∑
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where  )( ijrf
rr  is the force between particles i and j at distance ijr
r , n is particle density, T the 
temperature and V the volume of the system. 
There are many methods that have been developed to control and maintain the 
temperature and pressure constant [12-14]. Commonly used methods are based on the so called 
Berendsen thermostats and barostats [14].  According to Berendsen thermostat the temperature is 
controlled by scaling the velocities of all atoms at each time step such that ii vv
rr λ→  and the 
scaling factor, λ, is given by  
)1(1 −∆+=
T
Tt o
Tτλ                                                      (17) 
where, t∆ is the integration time step, Tτ is the time constant for temperature control and has to 
be greater than 100 t∆ , T0 is the desired temperature and T is the current temperature. The 
Berendsen pressure control is implemented in a similar way by changing at each time step the 
volume of the simulation box and rescaling all atom positions. Accordingly, the simulation box 
size ii LL µ→  and atoms positions ii rr rr µ→  , and the scaling factor, µ, is given by 
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where, t∆ is the integration time step,  κT is the isothermal compressibility of the system, τp is a 
time constant for pressure control, p0 is the desired pressure and p is the current pressure. There 
are advantages of using these methods as they ensure steady and stable evolution of the system to 
equilibrium. The drawbacks are that the statistical ensemble they generate is not known.      
 
3.5 Time and Size limitations  
Molecular dynamics evolves a finite-sized molecular configuration forward in time, in a 
step-by-step fashion. There are limits on the typical time scales and length scales (system size) 
that can be investigated and one should account for them when planning and preparing a 
simulation study or analyzing the simulation results. Typical MD simulations can be performed 
on systems containing thousands or, perhaps, millions of atoms and for simulation times ranging 
from a few picoseconds to hundreds of nanoseconds. While these numbers are certainly 
respectable, it may happen to run into conditions where time and/or size limitations become 
important. 
A simulation is reliable from the point of view of its duration when the simulation time is 
much longer than the relaxation time of the quantities we are interested in. However, different 
properties have different relaxation times. In particular, systems tend to become slow and 
sluggish in the proximity of phase transitions, and it is not uncommon to find cases where the 
relaxation time of a physical property is orders of magnitude larger than times achievable by 
simulation.  
A limited system size can also constitute a problem. In this case one has to compare the 
size of the MD cell with the correlation lengths of the spatial correlation functions of interest. 
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Again, correlation lengths may increase or even diverge in proximity of phase transitions, and 
the results are no longer reliable when they become comparable with the box length. 
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CHAPTER 4 
SPONTANEOUS STRUCTURAL 
REORIENTATION AND QUASI-ELASTIC 
EFFECTS IN PALLADIUM NANOWIRES  
 
As the scale of a material is reduced to just a few interatomic distances across at least one 
of the three spatial dimensions the structure and properties can be quite different from those of 
bulk materials. Many (001) oriented surfaces in FCC metals reconstruct to denser quasi-
hexagonal packed layers [1]. The reconstruction is driven by the reduction of the surface energy 
which should be large enough to compensate for the corresponding mismatch strain between the 
original and the reconstructed atomic layers. In thin films the rearrangement of the surface atoms 
such that to minimize the surface energy can drive structural changes well beyond the surface 
layers throughout the bulk of the entire film [2]. The reorientation of FCC (100) gold films into 
(111) films, when the film thickness is less than eight atomic layers, has been observed 
experimentally [3]. Recent molecular dynamics simulation studies have demonstrated that such 
crystalline reorientations in thin films are generic and representative for a larger class of FCC 
metals [4].  
When two spatial dimensions of the systems are in the nanometer range the structural 
characteristics and stability of are strongly influenced by both surface energy and surface stress. 
Several novel structures have been identified in metallic nanowires including: multishell helical 
gold nanowires [5,6] “weird” aluminum and lead nanowires [7], and body-centered tetragonal 
(BCT) gold nanowires [8,9].  In the presence of external stresses these single-crystalline metal 
nanowires can undergo large pseudoelastic deformations of up to 50%, well beyond the 
recoverable strains of 5-8% typical for most bulk shape memory alloys. Recent atomistic 
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simulation studies have identified two distinct mechanisms that mediate the pseudoelastic 
behavior in metal FCC nanowires. In certain metals when the cross sectional area is below 4nm2 
the surface stress can be large enough to cause a phase transformation that drives the system 
from the initial FCC structure into a BCT structure [8, 10, 11]. For nanowires with larger cross 
sectional areas the pseudoelastic behavior is the result of spontaneous and reversible crystal 
reorientation; that is it was found that FCC wires with initial <100> orientations can reorient 
spontaneously under the effect of surface stress into <110> orientations [12-14].  
In this chapter we present the results of our investigations of the crystallographic 
reorientation and deformation processes in palladium nanowires using molecular dynamics 
simulation. Our studies indicate that <100> Pd nanowires can reorient spontaneously to 
energetically more favorable <110> orientations provided the wire cross-sectional area is below 
2.57 nm × 2.57 nm and the temperature is above a critical value Tc = 300K.  Upon tensile 
loading of the reoriented <110> wire the initial <100> orientation is reached via a novel stress-
strain behavior that is drastically different from those corresponding to bulk metals. The lattice 
reorientation driven by the externally applied tensile stress is mediated by the propagation of 
twin boundary separating the initial <110> phase from the new <100> phase. Because its 
reversibility upon unloading the twin-boundary-mediated lattice reorientation process is the main 
ingredient to the pseudoelastic behavior of the Pd nanowires. 
In our investigations the wires structures were generated by simulating a top-down 
fabrication process. Specifically, nanowires with <100> axis and {100} surfaces (named 
<100>/{100} wire structure or configuration) were created by cutting them from bulk single-
crystalline samples that were previously allowed to undergo relaxation consistent with the 
simulated temperature. Since the surface energy constitutes a significant portion of the total free 
energy, metal nanowires tend to assume surfaces in specific orientation to lower the total surface 
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energy. Structural reconstruction or reorientation may occur in the wires fabricated via top-down 
approach if the initial configurations do not have the preferred orientation. Structural changes 
present a challenge for controlling the morphologies and dimensions of nanowires during the 
fabrication process and can be the source of various important processes that determine many 
attractive properties of the nanowires. In order to obtain nanowires with desired properties, 
morphologies and dimensions, it is important to understand the mechanism and structural 
changes in the top-down fabrication process.  
 
4.1 Top-down Fabrication Process and Simulation Methodology 
 
 
    (a) 
                                                   [100]      /     {100} 
                                                                                                                     (b) 
 
Figure 4.1 The initial structure of a 2.57 nm ×  2.57 nm Pd nanowire fabricated through 
simulated top-down method. (a) The lateral view of the nanowire; (b) Atomic arrangement of the 
nanowire in cross-sectional view.  
 
The wires used in this study were created by simulating a top-down process similar to the 
fabrication process described by Kondo and Takayanagi [5]. Specifically, the nanowires are 
created by “slicing” square columns of atoms from single crystal crystal bulk Palladium (Pd) 
along the [100], [010] and [001] directions by subsequent computational relaxation following the 
slicing. The initial single crystalline Pd [100] nanowires have a square cross section and surface 
orientation of [100], [010], and [001]. The original cross sectional area and length of the wire 
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were 2.57 nm ×  2.57 nm and 31.2 nm respectively. Then the wires were relaxed to 
corresponding minimum energy states at various simulation temperatures. Free boundary 
conditions were used in all directions during the following simulation. The initial configuration 
of Pd nanowire is illustrated in Figure 4.1. 
 
4.2 Structural Reorientation during Relaxation 
 
As result of the reorientation process, the nanowire exhibits an axial contraction 
accompanied by a corresponding lateral expansion. Using free boundary conditions in all 
directions, as documented previously [12] the reorientation process occurs through the 
propagation of coherent twin boundaries that are nucleated at the two ends. Figure 4.2 shows the 
Figure 4.2 Five snapshots depicting the dynamic progression of spontaneous crystalline 
reorientation at 300K in a Palladium nanowire of 2.57 nm ×  2.57 nm cross sectional area. 
Snapshots of the nanowire after 3.8ps, 9.6ps, 15.3ps, 19.1ps and 25.8 ps, respectively, are 
shown here. 
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dynamic progression of structural reorientation in the Pd nanowire. During the first 3.8 ps the 
wire contracts elastically. After the elastic contraction the lattice reorientation nucleates at the 
ends and propagates towards the center of the nanowire. After the reorientation was completed, 
we verified the stability of the new nanowire by a simulated annealing process. The temperature 
was raised slowly from 300K to 600K, held at 600K for more than 50ps and then gradually 
lowered to 300K. The wire in the reoriented configuration retains its structure during the 
annealing process. The complete structural reorientation yields an axial strain of approximately -
29% and an increase in cross-sectional area of approximately 13%. Wires with cross-sections 
large than 2.57 nm ×  2.57 nm do not undergo such a spontaneous structural reorientation at 
300K without external stimuli. 
 
Figure 4.3 Cross section representation of: (a) the initial Pd fcc <100> nanowire with square 
cross section and (b) the fcc <110> nanowire after relaxation (rhombic). All atoms from two 
lattice planes of ABAB stacking sequence are shown in both representations. 
 
Although maintaining the FCC crystalline structure, the reconstructed wire has clearly 
different morphology than that of the initial un-reconstructed wire. Specifically, the initially 
<100> oriented nanowires (with <100> axis and all around {100} surfaces with square lattices) 
reorient to assume <110> axis, {111} lateral surfaces, and {110} cross-sections. The new side 
surfaces have the symmetry of perfect hexagonal {111} crystalline planes. 
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Figure 4.3 shows the cross sections of the initial <100> oriented wire and the new <110> 
wire after reorientation. Because both the initial and new wire can be represented as a repeat in 
an ABAB stacking sequence in the length direction only two adjacent lattice planes are shown 
here. The new reoriented wire has rhombic cross section with all four {111} orientated surfaces. 
The atoms located at the corners are slightly distorted from their FCC lattice positions. By 
checking the ABAB stacking sequence in the wire length direction and the size of the projected 
unit cells on the A and B lattice planes of the new wire, we found that that new wire has indeed 
FCC structure with the same lattice parameter as the original FCC structure. 
The structures of the fully reconstructed wires reported above are in good agreement with 
those of the laboratory fabricated wires including Cu, Au, and Pt nanowires, e.g., the Cu wires 
fabricated by vacuum vapor deposition [15] and by a complex surfactant-assisted hydrothermal 
reduction process [16], and Au wires fabricated by cutting Au nanofilms using electron beam 
eradiation [5]. Similar to defect free simulated wire structures  The laboratory obtained 
nanowires have defect free FCC crystal structures and are similar to those of the simulated wires 
with <110> axes and {111} surfaces, indicating that <110> is the preferred growth orientation 
and {111} planes are preferred lateral surfaces 
 
4.3 Mechanical Behavior 
4.3.1 Quasistatic Loading and Unloading 
So far, the strain rates that can be considered in MD simulations (at or above 107/s) are 
much higher than what can be obtained in controlled experimental investigations. These 
artificially high strain rates are, to a degree, warranted by the limited speed of computers 
available. The total simulation time that can be reached in many simulations is of the order of 
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100 nanoseconds, partly limited by the time step size needed to resolve the high frequency 
thermal vibrations of the atoms in MD calculations which is of the order of 1 femtosecond ( 1fs = 
=10-15s ). To achieve significant deformation within such a short time, high strain rates are 
needed. It should be noted that this is purely a computational necessity and is not part of any 
realistic physical deformation process. Therefore, special algorithms are needed to allow 
physically interpretable results to be obtained using available computer resources and to avoid 
the artificially high rates of deformation. 
 
 
Figure 4.4 Schematic of displacement controlled quasistatic loading method for a nanowire. 
After all atoms are displaced with a designed strain, the two ends of the nanowire are fixed 
during the relaxation process. 
 
To this end, we use a displacement-controlled quasistatic loading and unloading scheme 
introduced by Gall et al. [9]. In this method, the nanowires are relaxed to reach equilibrium states 
between loading steps. Hence, the deformation proceeds through a series of equilibrium states, 
which essentially corresponds to a quasistatic deformation process. Specifically, during each 
loading step, all atoms are displaced from their position according to a prescribed uniform strain 
increment of ∆ε = 0.125% in the length direction, as shown in Figure 4.4. The proportional 
scaling of atomic coordinates in the axial direction is carried out on all atoms comprising the 
wire, regardless of whether or not an atom is part of structural defect. The wires are then 
equilibrated at constant temperature for 15 picoseconds (ps) to obtain a macroscopic equilibrium 
Origin 
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configuration at the prescribed strain. During this equilibration stage the wires have their ends 
kept at fixed locations. This relaxation process allows structural changes to occur, if the 
conditions so dictate. This process usually takes less than 12 ps and the average stress over the 
last 3 ps of the relaxation period at each load step is taken as the stress in the wire at the current 
strain. Unloading is implemented in the same manner, with a negative strain increment of 
∆ε = −0.125%. The results from the quasistatic loading and unloading method are compared with 
those from dynamic and static simulations. It is found that as long as the maximum atom 
displacement is less than 0.2a (where a is the lattice constant), this quasistatic method does not 
artificially affect deformation mechanisms. 
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Figure 4.5 The stress-strain curve of a Pd nanowire during loading (blue) and unloading (red) at 
300K. The linear portion of curve, between points B and C, is corresponding to the sample 
elongation caused by the steady advance of the lattice reorientation from the ends toward the 
center of the nanowire. 
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Figure 4.5 shows the stress-strain curve for Pd nanowire with lateral dimensions 2.57 nm 
× 2.57 nm during loading and unloading at 300K. The curve indicates that indeed the Pd 
nanowire is very ductile with fracture strains of approximately 55%. Along the loading part of 
the stress-strain curve one can identify the following stages:  
i.) Between points O and A the <110>/{111} wire undergoes elastic straining with an elastic 
strain about 6%. 
ii.) Point A corresponds to the nucleation of two twin boundaries at the ends of the wire. 
Their subsequent motion marks the beginning of the lattice reorientation; process which is also 
associated with a sudden drop of the applied stress from 6.2 GPa to about 2.0 GPa.  
iii.) Between points B and C the linear portion of the curve corresponds to the sample 
elongation caused by the steady advance of the lattice reorientation from the ends toward the 
center of the nanowire. At point C the entire wire has achieved the <100>/{111} configuration. 
What should be mention here is that a slow strain hardening is also found in this portion of the 
curve.  
iv.) The portion between C and D corresponds to the linear stretching of the new 
<100>/{111} wire.  
v.) Further loading beyond point D causes the wire to neck and ultimately to fracture at point 
E.  
The stress-strain curves generated indicate that Pd nanowire show indeed a unique ductile 
behavior with a fracture strain above 50%.  One can quantify the overall straining by using the 
following equation: the total strain = elastic strain of the <110> wire + strain due to lattice 
reorientation + elastic strain of the <100> wire = 5.1% + 41.4% + 6.0% = 52.5%.  
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4.3.2 Deformation Mechanism 
 
Figure 4.6. Cross sectional representation at three location along a Pd nanowire during 
<110>/{111} to <100>/{100} reorientation process. The snapshot corresponds to 20 % straining 
during tensile loading of the initial <110> oriented wire.  
 
The lattice reorientation is achieved through the propagation in steps of twin boundaries 
(corresponding to the point B to C on the stress-strain curve depicted in Figure 4.5). The twin 
boundaries are formed through the nucleation at the edge of the wires and propagation across the 
{111} planes of Shockley partial dislocations. As the twin boundary moves along the wire axis 
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(see the process depicted in Figure 4.6), the wire is progressively transformed into the <100> 
orientation. 
Figure 4.6 shows three cross section representations of the wire structure at three 
different locations along the wire depicting details of the structural changes that develop during 
reorientation process. The top, 1-1, cross section shows the square lattice in the <100> reoriented 
domain with <100>/{100} configuration. The rhombic cross section, 3-3, at the bottom shows 
the ordering in the domain having the original <110>/{111} configuration. The middle, 2-2, 
cross section is from the transition region containing both <100>/{100} and <110>/{111} 
configurations. This figure clearly shows a view of Pd nanowire while the twin boundary is in 
the middle of the transforming wire. The twin boundary separates the new formed <100>/{100} 
region from the untransformed <110>/{111} region during the loading process.  
 
 
 
 
 
 
 
                                   (a)                                                           (b) 
Figure 4.7 Twin boundary propagation through dislocation nucleation, glide and annihilation: (a) 
a side view of details of {111} twin boundary, cut along the diagonal of {110} plane and (b) a 
perpendicular view of the same {111} twin boundary and gliding partial dislocation. 
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The reorientation is completed through the propagation of a {111} twin boundary, which 
involves repetitive nucleation, gliding, and annihilation of Shockley partial dislocations, The 
mobile twin boundary is formed by mismatch defects between <100>/{100} lattice and 
<110>/{111} lattice, as shown is Figure 4.7. Specifically, the partial dislocation is nucleated 
from one edge, glides across the wire on the {111} plane adjacent to the twin plane, and finally 
annihilates at the other edge. This process repeats itself and at each cycle the twin boundary 
propagates by an inter-planar distance between two neighboring {111} planes. As the twin 
boundary sweeps through its length, the wire is progressively transformed into the new <001> 
orientation. 
 
4.4 Pseudoelasticity and Shape Memory Effect 
The stress-strain curve in Figure 4.5 shows the pseudoelastic behavior uploading, 
unloading of Pd nanowire. Clearly, the responses are drastically different from those of the 
corresponding bulk metals. Specifically, the nanowire seems highly ductile with the fracture 
strains of approximately 52%. In comparison, the fracture strains of most bulk FCC metals are 
usually less than 15%. The unique structural reorientation process (from point B to C in Figure 
4.5) is the key to the pseudoelastic behavior of the wire. As explained in the previous section, the 
structural reorientation progresses with the propagation of twin boundary. 
 
4.4.1 Large Strain Related with Pseudoelastaticity 
The larger strain associated with the structural reorientation can be quantified with a 
simple crystallographic analysis. The analysis shows that the strain corresponding to the 
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reorientation is 41.4% for a complete process. Figure 4.8 compares the same atomic plane which 
is cut along the cross-sectional diagonal of wire, shown in (b) and (c) respectively.  
 
 
Figure 4.8 Reversible structural reorientation upon loading and unloading in Pd nanowires;  (a) a 
schematic of the wire configurations before and after structural reorientation, (b) the atomic plan 
cut along the diagonal of wire highlighted in blue, (c) the same atomic plane after reorientation 
highlighted in red.  
 
Apparently, the structural reorientation manifests as 90º rotation of the rectangular unit 
cell in the {110} atomic plan shown in figure. The length and width of the rectangular unit cell in 
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both cases are, respectively, a and 
2
2 a, where a is the lattice constant of the Pd wire. Hence, we 
calculate the axial strain associated reorientation process by 
414.0
2
2/)
2
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On the other hand, if we consider the opposite reorientation for, <100>/{100} wire <110>/{111} 
wire with <100> configuration as reference state. Then the strain is given by 
293.0/)
2
2(110100 =−=>>→<< aaaε  
This strain associated with structural reorientation is consistent with result from the stress-strain 
curve in figure 4.5. From the above analysis, we can see that the strain related with reorientation 
is attribute of the FCC crystal structure and is independent of lattice parameter a. 
4.4.2 Shape Memory Effect 
Our simulations indicate that when the temperature is maintained above a critical value 
Tc = 300K, the load driven <100> reoriented wire undergoes a spontaneous transformation to the 
original  <110> wire configuration provided the two ends of the wire are released. The unloading 
curve (generated during the quasistatic unloading) is shown in figure 4.5 (highlight in red). The 
driving force for the spontaneous reorientation can be viewed as coming from the surface stress 
which induces a compressive stress in the interior of the wire. This stress is given by 
Afl /4−=σ , where f is the surface stress of the {100} plane in <100>/{100} configuration, l is 
the wire length and A (=l2) is the corresponding cross-sectional area. Obviously, the magnitude 
of this stress increases as the wire size decreases and can be very high when the wire size is at 
the nanoscale, as shown in figure 1.5. Note that σ is only of the order of a few Pascals in bulk 
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materials (a negligible value), providing an explanation for why a similar behavior is not seen in 
bulk metals. 
The loading and unloading paths shown in figure 4.5 form a hysteresis loop which is 
typical for shape memory materials. Thus we found that the shape memory effect (SME) exists 
in the Pd nanowires. The reversible structural reorientation endows the Pd nanowire with the 
ability for pseudoelastic strain up to 52%, which is much higher than the typical 5-8% 
recoverable strain for the most shape memory alloys (SMA).  
 
Figure 4.9: Schematic of shape memory and pseudoelasticity in FCC metal nanowires. Tc is the 
critical temperature for an initially <100> nanowire to reorient to a <110> nanowire with {111} 
side surfaces for a given wire cross sectional length [13]. 
 
Similar to the behavior of normal bulk SMAs, the pseudoelastic behavior of Pd wires 
reported here is strongly temperature-dependent. Specifically, the reverse lattice reorientation 
from <001> to <110> occurs only above a size-dependent critical temperature Tc. If unloading 
takes place at temperatures below Tc, the reverse lattice reorientation does not occur and the wire 
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retains the <100>/{100} configuration. When subsequently heated above Tc, the unloaded 
<100>/{100} wire spontaneously returns to its original <110>/{111} configuration through the 
reverse lattice reorientation. This is a novel SME driven by surface stress and the high surface-to 
volume ratios of the nanowire. It is a one-way SME that has the <110>/{111} wire configuration 
as the parent state, as illustrated in figure 4.9  
Our simulations show that the critical temperature Tc for Pd nanowire with 2.57 nm ×  
2.57 cross sectional area is around 300K. The value of Tc is obtained by gradually heating a 
<001>/{001} wire until lattice reorientation occurs. The heating starts at 0 K and the temperature 
is increased by 10 K in each heating step. At each temperature, the wire is relaxed for about 20 
ps. 
What causes the <100>/{100} wire to spontaneously revert back to its original 
<110>/{111} configuration upon unloading, since both states have the same FCC crystalline 
structure and, perhaps, the same “stability”? The answer lies in the surfaces and the extremely 
high surface-to-volume ratios of nanowires which can significantly affect structural stability. 
Specifically, {111} surfaces in FCC metals have the lowest energy among all surfaces. This 
difference in surface energy causes the <110>/{111} configuration to have a lower energy and to 
be more stable compared with the <100>/{100} configuration. 
If the <110>/{111} state always has a lower energy than the corresponding <100>/{100} 
state regardless of size, why does the reverse reorientation only occur above Tc? The answer has 
to do with the energetic barrier and driving force for the process. To initiate the reorientation, 
partial dislocations nucleate and propagate to accommodate mobile twin boundaries. These 
defects are of higher energies and thus constitute an energy barrier for the reorientation, which is 
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closely related to unstable stacking fault energy. Thermal energy can provide the necessary 
energy for overcoming the barrier. 
 
4.5 Chapter Summary 
We have used MD simulations to study the structural stability and mechanical properties 
of Pd nanowires. For a <100> initial crystal orientation and wire cross-sectional area below 2.57 
nm × 2.57 nm, our studies indicate that the surface stress can cause Pd nanowire to undergo 
spontaneous structural reorientation leading to a FCC structures with <110> orientation, with 
cross section cross-sectional shape changing from square to rhombic and the wire length 
decreasing approximately 29.3%. Under tensile loading and unloading Pd nanowires transform 
reversibly between the two crystallographic orientations exhibiting pseudoelastic behavior 
characterized by fully recoverable strains of up to 52.5%. The temperature-dependence of the 
pseudoelastic behavior enables the shape memory effect in Pd nanowires. 
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CHAPTER 5 
SPONTANEOUS PHASE TRANSFORMATION IN 
PALLADIUM NANOWIRES 
 
In Chapter 4, we studied the structural reorientation and shape memory effect in the Pd 
nanowire when the size of wire is below a certain characteristic value. In this chapter, we 
investigate structural stability and mechanical response of even thinner Pd nanowires. 
Specifically, we investigate the fundamentals of surface-stress-induced phase transformation and 
pseudoelastic deformation processes in palladium nanowires using molecular dynamics (MD) 
simulation. Our MD simulations indicate the existence of a novel surface-stress-induced phase 
transformation and pseudoelastic behavior in these systems. For a <100> initial crystal 
orientation and wire cross-sectional area below 2.18 nm × 2.18 nm, our studies indicate that the 
surface stress can cause palladium nanowires to undergo a spontaneous phase transformation 
from face-centered cubic (FCC) structure to a body- centered tetragonal (BCT) structure. Under 
tensile loading and unloading Pd nanowires transform reversibly between the two crystalline 
structures exhibiting pseudoelastic behavior characterized by fully recoverable strains of up to 
50%. The temperature-dependence of the pseudoelastic behavior enables the shape memory 
effect in Pd nanowires. 
 
5.1 Introduction 
With the miniaturization of electrical, optical, thermal and mechanical systems, the 
feature size of relevant materials will be reduced down to several or tens nanometers. These 
nanometer-scale materials have a very large surface-to-volume ratio as compared to bulk 
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materials. As the scale of this material is reduced to just a few interatomic distances across at 
least one of the three spatial dimensions both the structure and properties can be quite different 
from those of bulk materials. In thin films the rearrangement of the surface atoms, such that to 
minimize the surface energy, can drive structural changes well beyond the surface layers 
throughout the bulk of the entire film [1]. Recent molecular dynamics simulation studies have 
demonstrated that such crystalline reorientations in thin films are generic and representative for a 
larger class of FCC metals [2]. The reconstruction is driven by the reduction of the surface 
energy which should be large enough to compensate for the corresponding mismatch strain 
between the original and the reconstructed atomic layers. Nanowires are technological important 
nanoscale structural elements which have been the focus of intense research over the last years 
[3]. Recent experimental and atomistic simulation studies have demonstrated that the structures 
and properties of metallic nanowires can be quite different and unique [4-7] when compared with 
the bulk properties. For example, a novel surface stress driven phase transformation from FCC to 
BCT was found in single crystalline gold nanowires when the cross section dimensions of wire 
are smaller than about 2.0 nm [8-10]. More recently, the pseudoelastic deformation and shape 
memory effect were observed in FCC metallic nanowires [11-15]. This shape memory and 
pseudoelasticity operates via a reversible reorientation between a <100> orientation with square 
cross section and <110> orientation with rhombic cross section through twin propagation and 
annihilation. The reorientation was driven by surface stress of the nanowires and it is energetic 
favorable because of the energy difference of {100} and {111} side surface. 
Here, in this chapter, we present the research findings from our MD simulations of the 
surface-stress-induced phase transformation and pseudoelastic deformation processes in 
palladium nanowires. The MD simulations were performed using the embedded-atom method 
(EAM) potential for Pd [16]. Single crystalline Pd [100] nanowires with a square cross section 
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and surface orientation of [100], [010], and [001] were created with initial atomic positions 
corresponding to the bulk fcc Pd crystal. The original cross sectional areas of the two wires 
investigated were 1.78 nm ×  1.78 nm and 2.18 nm ×  2.18 nm respectively. Both wires 
considered were 31.2 nm in length. Free boundary conditions were used in all directions. 
 
5.2 Phase Transformation in the Pd Nanowires 
 
Figure 5.1 Six snapshots depicting the time evolution of a Pd nanowire during the spontaneous, 
surface-stress-driven, FCC to BCT phase transformation at 100K.  Snapshots of the 1.78 nm ×  
1.78 nm Pd nanowire at 1, 7, 11, 15, 20, 30 ps respectively are shown here. The BCT phase 
nucleates at the two ends and propagates toward the center of wire. 
 
At 100K the MD simulations show that the FCC, initially <100> oriented, Pd nanowire 
undergoes a spontaneous phase transformation to a BCT crystalline structure. As result of the 
crystal structure change the nanowire exhibits an axial contraction accompanied by a 
corresponding lateral expansion. Figure 5.1 shows the dynamic progression of the phase 
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transformation in the Pd nanowire. Six snapshots are shown in the figure, during the first 3.0 ps 
the wire relaxes elastically and contracts longitudinally by about 6%. After the elastic contraction 
a new BCT crystalline phase nucleates at the ends and propagates with a speed of approximately 
538 m/s toward the center of the nanowire. The FCC to BCT phase transformation is completed 
in about 30ps and leads to a further wire longitudinal contraction of about 31%. A similar FCC to 
BCT phase transformation was previously observed in MD simulations of Au nanowires by Diao 
et al [8]. 
Crystallographic analysis of the FCC to BCT phase transformation is documented further 
in Figures 5.2 which depicts wire cross-sections viewed from the x, y, and z directions for both 
the initial FCC and the newly transformed BCT nanowire. Only two adjacent lattice planes of the 
ABAB stacking sequence are shown in each selected view. Atoms in different crystalline planes 
are shown in different colors. Due to the tensile surface-stress components and in the presence of 
phase transformation the nanowire contracts in the longitudinal x direction and expands in the 
lateral y and z directions. Using the average positions of the atoms located inside the wire and 
neglecting those located at the ends we obtained the lattice parameters, 454.32/884.4 ==a Å, 
and 724.2=c Å of the Pd wire of BCT crystal structure. We should notice that the lattice 
parameter of the original FCC, Pd wire is 3.95 Å. 
The driving force for the FCC to BCT phase transformation in nanowires is the 
compressive stress in the interior of the wire induced by the tensile surface stress. The magnitude 
of the induced longitudinal compressive stress, estimated based on a continuum model, is 
approximately given by Alf /4−=σ , where f  is the surface stress component on the 
{100}wire surfaces in the initial fcc <100>/{100} configuration, l  is the width of the nanowire 
and A  is the cross section area [10]. Given that the surface stress is of the same order of 
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magnitude as the surface energy, i.e. f = 1J/m2, the magnitude of the induced compressive stress 
increases significantly with the decrease of wire diameter and can reach GPa values in 
nanowires. Consequently the internal stress alone can drive crystallographic phase 
transformations and/or structural reorientations that can lead to lower energy states when the 
wire diameters are bellow certain critical values in the nanometer range. To understand the role a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 The unrelaxed and relaxed configurations of wire and the cross sections of FCC and 
BCT nanowires, observed from x, y and z directions respectively, atoms in two adjacent 
crystalline planes are shown in different colors. 
y 
x
z 
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wire diameter on the structural stability of Pd nanowires we have extended our MD simulations 
to nanowires of various cross-sectional areas. Wires of both larger and smaller diameters were 
investigated. Our MD simulations of FCC, initially <100> oriented, Pd nanowires of 2.57 nm ×  
2.57 nm cross-sectional areas did not show the FCC to BCT phase transformation at 100K. 
Instead, the wire maintained the FCC crystal structure and experienced a lattice reorientation 
transformation from the <100> axis orientation and {100} side surfaces [the so called 
<100>/{100}) nanowire] to the <110> axis orientation and {111} side surfaces [<110>/{111} 
nanowire]. Similar lattice reorientations were also observed in Au, Cu and Ni nanowires [12,13]. 
 
5.3 Mechanical Behavior 
After the completion of the spontaneous FCC to BCT phase transformation in the 1.78 
nm ×  1.78 nm nanowire, the BCT wire was loaded in the longitudinal direction to investigate the 
pseudoelastic behavior. Both tensile loading and unloading studies were conducted under 
simulated quasistatic conditions. Namely, in each load step the coordinates of all atoms were 
modified according to a prescribed uniform strain increment of 0.125% in the length direction. 
To allow the wire to reach local microscopic equilibration, after each straining step the wire was 
relaxed for 15ps at 100K holding the wire ends at fixed positions consistent with the newly 
prescribed wire length. The relaxation process usually takes less than 10ps and the stress 
evaluated and averaged over the subsequent 5ps was taken as actual stress in the wire at the 
corresponding strain state. The unloading process followed a similar protocol with a strain 
decrement of -0.125% at each unloading step. Figure 5.3 shows the dynamic progression of the 
BCT wire under tensile loading at 100K. Upon loading the wire transforms back to the original 
FCC crystal structure via a phase change mechanism mediated by short range atomic 
rearrangements that nucleate at the ends and propagate toward the center of the wire. 
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Figure 5.3 The dynamic progression of the phase transformation of nanowire under loading at 
100K, snap shots of nanowire at strain of 0.125%, 6.6%, 15.4%, 36.8% and 44.1% are shown 
respectively. 
 
Figure 5.4 shows the stress-strain curve of the BCT/FCC wires during loading and 
unloading at 100K. The curves indicate that the Pd wire is very ductile with fracture strains of 
approximately 50%. Along the loading part of the stress-strain curve one can identify the 
following stages: 
i) During the stage delimited by points O and A on the loading curve the wire maintains its 
BCT crystalline structure while undergoing elastic straining.  
ii) When the tensile stress reaches 7.5 GPa, corresponding to point A on the curve, the 
nucleation of the FCC phase starts at the ends of the wire. The subsequent motion of the newly 
nucleated FCC regions marks the beginning of the BCT to FCC phase transformation; process 
which is also associated with a sudden drop of the applied stress from 7.5GPa to approximately 
3.5 GPa.  
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Figure 5.4 Stress-strain curve for the 1.78 nm x 1.78 nm nanowire during loading and unloading 
at 100K. 
 
iii) Between points B and C the linear portion of the curve corresponds to wire elongation 
caused by the steady advance of the BCT to FCC phase change from the ends toward the center 
of the wire. At point C the entire wire has been converted to the FCC structure.  
iv) The portion between C and D corresponds to the elastic linear stretching of the new FCC 
wire.  
v) Further loading beyond point D at a stress level exciding 8.2 GPa, causes the FCC wire to 
neck and ultimately to fracture at point E.  
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One can quantify the overall straining by using the following equation: the total strain = 
elastic strain of the BCT wire + plastic strain due to BCT to FCC phase change + elastic strain of 
the FCC wire = 5.6% + 38.5% + 6.1% = 50.2%. 
 
5.4 Pseudoelasticity and Shape Memory Effect 
The 1.78 nm × 1.78 nm fcc wire transforms spontaneously back to the 2.196 nm × 2.196 
nm BCT configuration via phase change mediated by short range atomic rearrangement 
processes in reverse to what is described above when the temperature is above a certain value. 
The reversible FCC to BCT phase transformation results from a cooperative and collective 
motion of atoms over distances smaller than a lattice parameter in the absence of any diffusive 
processes. The absence of diffusion renders the FCC to BCT phase transformation almost 
instantaneous. These characteristics are similar to those present in traditional shape memory 
alloys (SMA) that commonly involve austenite to martensite phase transformation. The curve 
depicted in red in figure 5.4 traces the stress-strain relationship during the controlled simulated 
quasistatic unloading of the FCC wire. Similar to the behavior of traditional bulk shape memory 
alloys, the reversible phase change in Pd nanowire has temperature dependence. The 
spontaneous FCC to BCT phase change in both 1.78 nm × 1.78 nm and 2.18 nm × 2.18 nm wires 
happens only when the temperature is above a critical value Tc. If the temperature is below Tc, 
the FCC wire configuration is stable. However, when heated above Tc, the wire spontaneously 
transform to BCT structures. Our MD simulations indicate that the critical temperature Tc, for 
the Pd nanowire investigated is around 22.5K. 
Since the crystal lattice of BCT phase has lower symmetry than that of parent FCC phase, 
several variants of BCT phase can be expected to be formed from the same parent FCC phase 
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which will affect the value of inelastic strain due to this phase transformation. Diao et al [8] 
reported that two BCT phases with different lattice parameters were observed driven by surface 
stress using MD simulation in gold nanowires. However, we did not observe any variants of 
BCT phase in this work. 
5.4.1 Similarities and Differences in Structural Reorientation and Phase Transformation Processes 
 
Figure 5.5 comparison of stress-strain curve for 1.78 nm ×  1.78 nm (a) and 2.57 nm ×  2.57 nm 
(b) nanowire under quastatic loading and unloading. 
 
The pseudoelastic strain associated with the BCT to FCC phase transformation can be 
evaluated simply by using the lattice parameters for the BCT and FCC structures as follows: 
%8.44/)( ≈−=→ bctfccbctfccbct cacε . This strain is indeed consistent with our MD simulation 
results obtained from the stress-strain curve upon quasistatic loading. There are two observations 
that are worth making here: i) the pseudoelastic strain associated with the <110>/{111} to 
<100>/{100} lattice reorientation process (see Chapter 4) is an attribute of the FCC crystal 
structure and it is independent of the actual lattice parameter; therefore it is the same for all FCC 
materials, ii) the pseudoelastic strain associated with the FCC to BCT phase transformation is 
(a) (b) 
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function on the lattice parameters of  the corresponding FCC and BCT structures and it therefore 
varies across the family of the FCC metals. 
Figure 5.5 shows side by side the strain-stress curves obtained during loading and 
unloading of two wires of different cross sectional showing pseudoelastic behavior mediated by 
the two mechanisms: BCT to FCC lattice reorientation and crystal structure reorientation.  
Comparison of the two stress-strain curves (Figure 5.5), quantifying the two pseudoelastic 
behaviors, indicate that there are both similarities and differences between the two systems. 
Namely, although both transformations can achieve similar levels of strains they differ 
qualitatively and quantitatively in the plateau regions. While the loading stress-strain curve for 
the lattice reorientation-controlled pseudoelastic behavior exhibits a small strain hardening over 
the range of strains delimited by the begin and the end stage of the reorientation process, see 
Figure 5.5 (b), no such phenomena is observed on the corresponding portion of the stress-strain 
curve for the FCC to BCT phase transformation-controlled pseudoelastic behavior, see Figure 
5.5 (a). Moreover, although in both mechanisms the deformations are fully recovered when the 
stress is reduced to zero, there are major differences between the two stress-strain curves during 
the unloading stage. While for the FCC to BCT phase transformation-controlled pseudoelastic 
behavior the loading and the unloading stress-strain curves follow almost the same path (Figure 
5.5 (a)) for the lattice reorientation-controlled pseudoelastic behavior the loading and unloading 
paths form a well defined hysteresis loop (Figure 5.5 (b)). The differences between the stress-
strain curves depicted in figures 5.5 are due to the major differences between the mechanisms 
mediating the two pseudoelastic behaviors. Both strain hardening and hysteresis loop are the 
products of repetitive nucleation, gliding, and annihilation of Shockley partial dislocations; 
processes that are intricate components of the lattice reorientation mechanism. 
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5.4.2 Wire Size Effects 
 
 
Figure 5.6 Stress-strain response during quasitatic loading of both 1.78 nm × 1.78 nm and 2.18 
nm × 2.18 nm Pd wires (the doted lines indicated the plateau stresses during the BCT to FCC 
phase transformation). 
 
The magnitude of the induced longitudinal compressive stress, estimated based on a 
continuum model, is approximately given by Alf /4−=σ , where f  is the surface stress 
component on the {100} wire surfaces in the initial fcc <100>/{100} configuration, l  is the 
width of the wire, and A  is the cross section area [9]. Figure 5.6 shows the stress-strain curves 
for both 1.78 nm × 1.78 nm and 2.18 nm × 2.18 nm wires during quasistatic loading at 100K. 
The stress plateaus delimited by the beginning and the end of the reversible BCT to FCC phase 
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transformation (i.e., the region of the stress-strain curve between 0.05 and 0.45 strain values) are 
approximately 3.50 GPa and 2.82 GPa respectively. The ratio of these two stress values 
3.50/2.82=1.24 is approximately equal to the inverse ratio 2.18/1.78 = 1.22, of the corresponding 
nanowires widths. 
 
5.5 Chapter Summary 
In summary, we have shown that the surface stress can cause palladium nanowires to 
undergo spontaneous phase transformation from FCC to BCT structure when the initial wires 
cross-sectional areas are below 2.18 nm × 2.18 nm. Moreover, under tensile loading and 
unloading Pd nanowires transform reversibly between the two crystalline structures exhibiting a 
novel pseudoelastic behavior characterized by fully recoverable strains of up to 50%.  The 
temperature-dependence of this pseudoelastic behavior enables the shape memory effect in Pd 
nanowires. These novel properties can greatly impact nanowires usage in a large class of 
nanodevices including sensors, actuators and transducers.  
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CHAPTER 6 
SPONTANEOUS SELF-ROLLING OF AL 
(100)/(111) BILAYER NANOFIMS INTO 
NANOTUBES AND NANOCOILS  
 
6.1 Introduction 
Nanostructure design and control have attracted a great deal of attention in recent years. 
Various nanostructures have been successfully fabricated in bulk or grown on surfaces by self-
assembly processes [1, 2]. However, given the complexity and the limited level of control 
associated with these processes there is a strong need for the development of alternative 
nanofabrication techniques with a higher degree of control over both sizes and geometries of the 
nanostructures and which are applicable to a wider class of materials.  Recently, Prinz et al.[3, 4] 
introduced a self-rolling procedure for fabrication of tubes (with radii varying from a few 
nanometers to several microns) starting from strained semiconductor double layer 
heterostructures freed from their substrate by a selective etching procedure. Subsequently, this 
technique was extended to a wide range of materials by appropriately choosing the deposition 
methodology, the selective etchant, and ensuring the existence of a certain elastic straining in the 
nanotube material grown on the chosen substrate [5, 6]. The self-bending mechanism of 
semiconductor heterostructures has been investigated by direct atomistic simulations [7] and 
continuum theories [8]. The driving force for nanofilms self-bending comes from various sources 
such as: elastic misfit strain between the constituents of the bilayer nanostructures, the 
asymmetry in the surface stress caused by molecular adsorption or as result of surface 
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reconstruction. In a recent atomistic simulation study Zang et at. [ 9 ] have demonstrated that 
ultrathin Si and Ge nanofilms of certain thicknesses may self-bend even in the absence of an 
external stress, under their own intrinsic surface stress imbalance.   
It is well established that when at least one of the spatial dimensions of systems are in the 
nanometer range (i.e., nanofilms or nanowires), the structural characteristics and stability are 
strongly influenced by both surface energy and surface stress [10]. In many metallic FCC films 
when the film thickness is reduced to just a few atomic layers, the (001) oriented films 
spontaneously transform into the (111) orientation [11]. Recent molecular dynamics simulation 
studies have demonstrated that (001) to (111) crystalline reorientations in nanometer thin films 
are generic and representative for a larger class of FCC metals and occur at relatively low 
temperatures even in the presence of fixed (001) oriented borders that constrain changes in the 
nanometer thin region [12].  
In this chapter we present our  MD simulation results which document that in FCC metals 
the (001) to (111) crystal structure reorientation also occurs when the nanometer thick (001) film 
rests on a (111) oriented substrate. Moreover, if the (111) film is only a few nanometers thick the 
spontaneous reorientation of the (001) top layer leads to rolling-up of the initially planar free 
standing, (001)/(111) bilayer into a tubular or coiled structure.  The driving force for this process 
is given by the existence of an initial mismatch strain between the two nanometer thick layers of 
different textures.  Our detailed analysis of the reorientation process indicate that the bilayer self- 
rolling is determined by both energetic and kinetic processes characterizing the spontaneous 
structural reorientation of the top (001) textured layer to the (111) orientation of the substrate 
layer.  Specifically, the analysis of the simulation results indicate that reorientation of the (001) 
top layer proceeds via a mechanism characterized by nucleation from multiple sites, propagation, 
and growth of the new (111) oriented domains embedded in the original (001) oriented layer. 
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While individually the newly formed (111) domains grow free of defects a region containing a 
surface dislocation like linear defect forms at the boundary where two such domains meet. The 
equilibrium of the newly formed bilayer structure containing the surface dislocations is attained 
by multiple localized bendings of the bilayer structure about the direction coinciding with the 
dislocations line (the [110] direction). The spacing (density) of the nucleation is a function of 
temperature and influence the radius of curvature of the resulting structure.  
 
6.2 Initial Structure and Simulation Methodology 
The MD simulations were performed using the embedded-atom method (EAM) potential 
for Al [13].  Two single crystalline Al nanofilms were created computationally by “slicing” the 
rectangular slabs of atoms from single-crystalline bulk Al perpendicular to the ]101[ , [110], and 
[001] directions to generate the (001) surface oriented film and to the ]101[ , ]211[ , and [111] 
directions respectively, to generate the (111) oriented film. The films were cut from the bulk 
single crystal that was previously allowed to undergo relaxation consistent with the simulated 
temperature. The initial (001)/(111) bilayer structures were generated by pairing the two films 
along the common, in-plane, ]101[  direction (see Figures 6.1). To investigate the roles of 
bilayers geometrical characteristics and the relative orientation of the bilayer edges with respect 
to the ]101[  direction we carried out MD simulations of Al bilayer structures of various film 
thicknesses, surface areas, and slab orientations. As explained in the text and indicated 
schematically in Figures 6.1(a) and 6.1(b), when the common ]101[ direction in the initial 
structure is chosen parallel to one of the edges of the rectangular-shaped bilayer the film rolls-up 
into a tubular structure whereas when this direction is tilted with respect to the orientation of the 
shortest edge of the bilayer a coiled structure is obtained. The in-plane dimensions of the 
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rectangular bilayer structures investigated were 16.2 nm x 32.4 nm and 4.2nm x 60 nm 
respectively (the narrow films were chosen to obtain coiled structures). The thickness of the 
initial (001)/(111) bilayer structure was varied by changing the number of atomic layers in the 
(001) and (111) oriented slabs comprising the initial structure. Specifically, structures with 2x2, 
3x3, 4x4, 5x5, and 6x6 atomic layers were investigated. Free boundary conditions were used in 
all directions.  
  
 
Figure 6.1 Representation of the (100)/(111) Al bilayer nanofilm showing the process of 
spontaneous self-rolling of the initial planar film  into: (a)  a nanotube when the initial 
orientation of the common ]101[  in-plane direction (the rolling direction) is parallel to the edge 
of the bilayer slab or (b) a nanocoil when the rolling direction makes an angle with the 
orientation of the bilayer slab edge.  Each of the two rectangular films comprising the initial 
bilayer structure consists of two atomic layers having the (100) respectively (111) surface 
orientation. The lattice orientations of the two slabs comprising the bilayer of figure (a) are 
indicated explicitly. The self-rolling process occurs spontaneously and it is completed in a few 
hundreds picoseconds provided the temperature is larger a critical value, which for 2x2 atomic 
layers thick slab is 30K. 
(a) 
ϕ ]101[
t = 0 
t = 0 
(b)
t = 900 ps 
t = 800 ps 
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6.3 Simulation Results  
We present first the simulation results of the systems in which the common 
]101[ direction in the initial (001)/(111) bilayer structure is chosen parallel to the short edge of 
the rectangular-shaped bilayer; initial configuration that leads to rolling-up of the bilayer 
structure into a tubular structure. 
 
         
Figure 6.2 Representation of the very early stage of the (001) to (111) reorientation process of 
the (001) top layer of the bilayer (001)/(111) rectangular slab. (a)  Depiction of the nucleation of 
(111) oriented regions in the (001) oriented top layer. (b) Depiction of the early stage of film 
bending. 
 
As indicated in figure 6.2 the surface reconstruction of the (100) oriented top layer in the 
2 x 2 (001)/(111) bilayer structure is indeed initiated at very low temperature, about 30-50K. 
Moreover, we can see that the nucleation of the (111) phase starts at various sites along the edge, 
of the initially (100) oriented top layer, that is parallel to the [110] direction and propagate along 
the perpendicular ]101[  direction (the direction which the same for the (111) oriented the 
substrate layer). Close inspection of the reconstructed top layer indicate that the newly formed 
(111) domains grow free of defects. However at the boundary where two such domains meet a 
region containing a surface dislocation-like linear defect forms. The equilibrium of the newly 
formed bilayer structure containing the surface dislocations is attained by multiple localized 
]101[
]110[
……..   ….. 
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bendings of the bilayer structure about the direction coinciding with the dislocations line (the 
[110] direction). The spacing (density) of the nucleation is a function of temperature and 
influence the radius of curvature of the resulting structure.  When the entire top (100) oriented 
film transforms into a denser (111) film the bilayer structure folds up into a nanotube, 
occasionally exhibiting some overlap at two ends.  
 
 
 
Figure 6.3 The spontaneous formed nanotubes from the (001)/(111) bilayer structures with  (a) 
2x2 and (b) 3x3 respectively initial bilayer thicknesses.  
 
When the thickness of initial bilayer structure is increased from 2 x 2 (001)/(111) layered 
structure to a 3 x 3 (001)/(111) layered structure, the critical temperature at which the (001) to 
(111) reorientation starts increases from 30K to 90K. Figures 6.3 (a) and (b) shows the 
spontaneous self rolled up nanotubes; the corresponding geometrical characteristics are also 
indicated. 
The cross section analysis of the formed tubes indicates that the radii of the tubes are not 
uniform. Instead, we found that the cross section of tube consists of several line segments as 
shown schematically in figure 6.4. Each line segment, of length Li, is straight and starts and ends 
(a) (b) 
2 x 2 layers 3 x 3 layers ]101[]101[
R = 5.48 nm R = 6.63 nm 
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at transition regions called bending regions. The bending angles between two segments meeting 
at the same defective region take values between 15o and 55o and are function of the length of 
both segments delimiting the corresponding angle.   
                  
Figure 6.4  Cross sectional representation of a self rolled metallic nanotube from an initial planar 
(001)/(111) bilayer film structure. (a) The illustration of segmented circumference of the 
nanotube. (b) Depiction of the characteristic structure of a typical defective region that mediates 
the bending of the initial planar bilayer structure.  
 
 
The values of bending angles θi and the length of the line segments Li are actually closely 
relate to the average radius of the formed nanotube.  We calculated the bending angles and the 
length of each line segment form the relative arrangement of atoms in the formed tubes, shown 
in histograms (see Figure 6.5 and 6.6). From Figures 6.5 and 6.6 we infer that both the bending 
angles and segments lengths are distributed non-uniformly along the circumference of the 
nanotubes. Moreover, one can see that the larger the value of the bending angle the larger the 
average length of the two adjacent segments (see Figure 6.7).  This result is consistent with 
misfit strain induced bending mechanism of bilayer film, namely, the larger length of line 
segment, the more shrinkage of from (100) thin film, thus leading to the larger bending angle. 
 
θi 
θi+1 
Li 
(a) (b) 
Li+1 
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Figure 6.5 Histograms showing the bending angles and length of line segments characterizing the 
cross sectional conformation of nanotube obtained from spontaneous self assembly from a 2 x 2 
(001)/(111) bilayer structure.  
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Figure 6.6 Histograms showing the bending angles and length of line segments characterizing the 
cross sectional conformation of nanotube obtained from spontaneous self assembly from a 3 x 3 
(001)/(111) bilayer structure.  
 
Using a similar approach to that outlined previously we estimated the radii of the formed 
metallic nanotubes. For an initial 2 x 2 (001)/(111) bilayer the radius of tube is about 5.48 nm 
when the simulation temperature is just above the critical temperature for spontaneous bilayer 
bending, Tc=50 K. When the initial structure is 3 x 3 (001)/(111) bilayer film the radius of the 
tube formed is about 6.63 nm at the increased simulation temperature of 100K which just above 
 91
the new critical temperature, Tc=90K, for spontaneous bilayer bending. Our simulations indicate 
that increase of the thickness of the initial bilayer structure leads to an increase of the critical 
temperature for spontaneous bilayer self-rolling.  We found this critical temperature to be about 
350K for an 4 x 4 (001)/(111) bilayer structure.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Representation of length segment versus average bending angle characterizing the 
cross sectional conformation of nanotube obtained from spontaneous self assembly from a 3 x 3 
(001)/(111) bilayer structure.  
 
The dependence of the radius of self rolled-up nanotube on initial bilayer thickness is 
represented in figure 6.8.  Interestingly Figure 6.8 show that the radius of the tube increases from 
5.5 nm to 62 nm when the thickness of the bilayer structure is increased from about 0.9nm (for 
the 2 x 2 bilayer) to 2.8 nm (4 x 4 bilayer). We should mention that the values of tube radii 
shown in figure 6.8 are obtained from simulations of the bilayer structures at different 
temperatures; i.e., larger than the corresponding critical temperatures for various initial bilayer 
thicknesses.  
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Figure 6.8 Radii of self-rolled-up nanotubes as function of the thickness, h, of the initial 
(001)/(111) bilayer structure.  
 
 
  
Figure 6.9 Radii of self-rolled-up nanotubes as function temperature for an initial 2x 2 
(001)/(111) bilayer structure.  
 
We also analyzed the effect of temperature on the radius of formed nanotubes. Figure 6.9 
shows the radius of self-rolled-up nanotubes as a function of simulation temperature for the 
2 x 2 3 x 3 
4 x 4 
5 x 5 
6 x 6 
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initial 2x 2 (001)/(111) bilayer structure. We can see from this figure that the radius of tube 
decreases as the increasing of simulation temperature. At the critical temperature about 50K, the 
radius of the rolled-up tube is around 5.5nm, however, when the temperature is increased to 
150K, the radius of the formed tube decreases to about 3.8nm. One can rationalize the 
temperature dependence of the nanotube formed by inferring the mechanism of self-rolling of the 
initial bilaer structure. Specifically, as indicated previously the larger the temperature the higher 
the density of the initial nucleation centers for the (001) to (111) reorientations (see Figure 6.2) 
this in turns leads to a larger number of straight segments the rolled-up structure is composed of. 
The larger number of segments translates into smaller diameters of the final structures.   
 
 
Figure 6.10 The spontaneous formed nanocoils from the (001)/(111) bilayer structures with  (a) 
2x2 and (b) 3x3 respectively initial bilayer thicknesses.  
 
We extend the previously developed nanotube formation technique to fabrication for 
more complex three dimensional objects using a merely geometric approach. The essence of the 
(a) (b) 
h = 2.4 nm h = 3.3 nm 
w = 2.2 nm 
R = 4.8 nm 
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approach is the following. Obviously, the geometry of the initial plane area determines the sites 
at which the rolling process is initiated and terminated; this predetermines the rolling directions 
suitable for rolling more complicated objects. If the edges of the rectangular (100)/(111) bilayer 
initial structure are tilted with respect to with the ]101[  common bending direction the bilayer 
film strip will roll up into a nanocoil structure (see Figure 6.10).  By changing the tilt angle one 
can form a series of nano-helical structures with different chiralities.  
In this study we have demonstrated a new technique for fabricating pure metallic 
nanotubes by self-rolling process from the initial bi-layer thin film with different textures on the 
top and bottom respectively. Both the thickness and simulation temperature affect the radius of 
self-rolled up nanotubes. Based on the simulation results we proposed a defect mediated bending 
mechanism. This new technique also allows us to form more complicated three dimensional 
nanostructures such as nanocoils. The fabrication of a variety of nanostructures through the 
fabrication technique may offer novel device opportunities.  
 
6.4 Chapter Summary 
We report molecular dynamics simulation studies presenting a method for forming 
metallic nanotubes and nanocoils via spontaneous self rolling-up of initially planar free standing 
(001)/(111) bilayer nanofilms. Our detailed analysis of the reorientation process indicate that the 
bilayer self- rolling is determined by both energetic and kinetic processes characterizing the 
spontaneous structural reorientation of the top (001) textured layer to the (111) orientation of the 
substrate layer.  Specifically, the analysis of the simulation results indicate that reorientation of 
the (001) top layer proceeds via a mechanism characterized by nucleation from multiple sites, 
propagation and growth of the new (111) oriented domains embedded in the original (001) 
oriented layer. While individually the newly formed (111) domains grow free of defects a region 
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containing a surface dislocation like linear defect forms at the boundary where two such domains 
meet. The equilibrium of the newly formed bilayer structure containing the surface dislocations 
is attained by multiple localized bendings of the bilayer structure about the direction coinciding 
with the dislocations line (the [110] direction). The spacing (density) of the nucleation is a 
function of temperature and influence the radius of curvature of the resulting structure. The radii 
of the resulting structures are determined by bilayers thickness and temperature. Thus, we 
demonstrate the feasibility of a new design methodology for nanofabrication of metallic 
nanotubes and nanocoils.  
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APPENDIX: NUMERICAL VERSION OF EMBEDDED 
ATOM METHOD POTENTIAL FOR PD 
 
The following the part of numerical version of embedded atom method potential for Pd 
(so-called potential file) using in molecular dynamics simulation. The first four lines of the file 
define some parameters used in simulation. These parameters include lattice parameter, mass of 
atom, cut-off radius and type of atom etc. The main body of potential file shows the value of the 
embedding term )( iiF ρ  and the electron density term iρ  up to second derivative. 
            0           1           0           9           1           1 
    4.509018036072117D-05   2.200963972906085D-04   0.100000000000000     
    106.400000000000        3.89177500000000     
    5566        5809    1.36184645823564     
1  -3.231736271169782D-02   -706.159536386384    462924.045180193     
2  -6.369354326801285D-02   -685.679471252650    445480.621640550     
3  -9.416400631835192D-02   -665.985933232427    428037.198100907     
4  -0.123764216512122       -647.078922325715    410593.774561265     
5  -0.152529638498729       -628.958438532513    393150.351021622     
6  -0.180495736927581       -611.624481852823    375706.927481979     
7  -0.207697976448084       -595.077052286644         358263.503942336     
8  -0.234171821709646       -579.316149833975         340820.080402694     
9  -0.259952737361672       -564.341774494818         323376.656863051     
10  -0.285076188053570       -550.153926269171         305933.233323408     
11  -0.309577638434746       -536.752605157036         288489.809783766                
12  -0.333492553154607       -524.137811158411         271046.386244123                
13  -0.356856396862561       -512.309544273297         253602.962704480                
14  -0.379704634208013       -501.267804501695         236159.539164838                
15  -0.402072729840371       -491.012591843603         218716.115625195                
16  -0.423996148409042       -481.543906299022         201272.692085552                
17  -0.445510354563432       -472.861747867952         183829.268545910                
18  -0.466650812952948       -464.966116550393         166385.845006267                
19  -0.487452988226997       -457.857012346345         148942.421466624                
20  -0.507952345034985       -451.534435255807         131498.997926982                
21  -0.528184348026320       -445.998385278781         114055.574387339                
22  -0.548184461850409       -441.248862415266         96612.1508476961                
23  -0.568442227333667       -450.106012657568         90076.4557037407                
24  -0.588647178917692       -446.121535225660         86657.2543871246                
25  -0.608675945526422       -442.291230197808         83238.0530705086                
26  -0.628535478821363       -438.615097574011         79818.8517538925                
27  -0.648232730464019       -435.093137354270         76399.6504372764                
28  -0.667774652115897       -431.725349538585         72980.4491206603                
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29  -0.687168195438501       -428.511734126956         69561.2478040442                
30  -0.706420312093338       -425.452291119383         66142.0464874281                
31  -0.725537953741913       -422.547020515866         62722.8451708120                
32  -0.744528072045732       -419.795922316404         59303.6438541959                
33  -0.763397618666299       -417.198996520998         55884.4425375798                
34  -0.782207325375711       -416.532400189222         53755.4509022484                
35  -0.800934703488904       -414.142011574271         52271.5641075593                
36  -0.819555807011515       -411.818531682528         50787.6773128701               
37  -0.838073652869941       -409.561960513992         49303.7905181810                
38  -0.856491257990580       -407.372298068664         47819.9037234919                
39  -0.874811639299829       -405.249544346543         46336.0169288028                
40  -0.893037813724084       -403.193699347629         44852.1301341137                
41  -0.911172798189743       -401.204763071923         43368.2433394246                
42  -0.929219609623203       -399.282735519425         41884.3565447354                
43  -0.947181264950861       -397.427616690134         40400.4697500463                
44  -0.965060781099115       -395.639406584050         38916.5829553572                
45  -0.982876728017736       -394.535869730454         37805.4089063943                
46   -1.00062826548333       -392.849546269423         36992.4050540125                
47   -1.01830459278888       -391.199881298730         36179.4012016306                
48   -1.03590736287234       -389.586874818374         35366.3973492487                
49   -1.05343822867166       -388.010526828357         34553.3934968669                
50   -1.07089884312476       -386.470837328677         33740.3896444850                
51   -1.08829085916959       -384.967806319335         32927.3857921031                
52   -1.10561592974409       -383.501433800331         32114.3819397213                
53   -1.12287570778621       -382.071719771665         31301.3780873394                
54   -1.14007184623387       -380.678664233336         30488.3742349575                
55   -1.15720599802504       -379.322267185346         29675.3703825757                
56   -1.17430279910125       -379.145704700460         29412.6348841914                
57   -1.19136850349003       -377.809899772073         29837.7348283040                
58   -1.20837354405314       -376.454927010533         30262.8347724167                
59   -1.22531705650952       -375.080786415843         30687.9347165293                
60   -1.24219817657812       -373.687477988001         31113.0346606420                
61   -1.25901603997788       -372.275001727007         31538.1346047546                
62   -1.27576978242775       -370.843357632862         31963.2345488672                
63   -1.29245853964668       -369.392545705566         32388.3344929799                
64   -1.30908144735361       -367.922565945119         32813.4344370925                
65   -1.32563764126748       -366.433418351520         33238.5343812052                
66   -1.34212625710725       -364.925102924770         33663.6343253178                
67   -1.35852571336097       -362.021716567014         33593.0614879234                
68   -1.37481554825494       -360.530940411756         32531.1430875148                
69   -1.39103924328927       -359.088046348701         31469.2246871062                
70   -1.40719895747615       -357.693034377849         30407.3062866976                
71   -1.42329684982774       -356.345904499199         29345.3878862891                
72   -1.43933507935622       -355.046656712753         28283.4694858805                
73   -1.45531580507376       -353.795291018509         27221.5510854719                
74   -1.47124118599254       -352.591807416468         26159.6326850633                
75   -1.48711338112473       -351.436205906629         25097.7142846547                
76   -1.50293454948250       -350.328486488994         24035.7958842461                
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77   -1.51870685007803       -349.268649163561         22973.8774838375                
78   -1.53443852629990       -348.863428725263         22057.4588011724                
79   -1.55014655641502       -347.878033606561         21650.2891306093                
80   -1.56581056879979       -346.910997841741         21243.1194600462                
81   -1.58143139128081       -345.962321430805         20835.9497894831                
82   -1.59700985168464       -345.032004373752         20428.7801189200                
83   -1.61254677783787       -344.120046670582         20021.6104483569                
84   -1.62804299756707       -343.226448321295         19614.4407777938                
85   -1.64349933869882       -342.351209325891         19207.2711072307                
86   -1.65891662905969       -341.494329684370         18800.1014366676                
87   -1.67429569647627       -340.655809396733         18392.9317661045                
88   -1.68963736877514       -339.835648462978         17985.7620955414                
89   -1.70494351539341       -339.241710762906         17603.4936735976                
90   -1.72022215230173       -338.452093127064         17420.4352406083                
……………………………………………………………………………………… .etc 
5782  -1.019073098514462D-04  -1.166983112230448D-03    0.000000000000000              
5783  -1.021641586301473D-04  -1.166983112230448D-03    0.000000000000000              
5784  -1.024210074088483D-04  -1.166983112230448D-03    0.000000000000000              
5785  -1.026778561875490D-04  -1.166983112230448D-03    0.000000000000000              
5786  -1.029347049662500D-04  -1.166983112230448D-03    0.000000000000000              
5787  -1.031915537449508D-04  -1.166983112230448D-03    0.000000000000000              
5788  -1.034484025236518D-04  -1.166983112230448D-03    0.000000000000000              
5789  -1.037052513023526D-04  -1.166983112230448D-03    0.000000000000000              
5790  -1.039621000810536D-04  -1.166983112230448D-03    0.000000000000000              
5791  -1.042189488597546D-04  -1.166983112230448D-03    0.000000000000000              
5792  -1.044757976384553D-04  -1.166983112230448D-03    0.000000000000000              
5793  -1.047326464171564D-04  -1.166983112230448D-03    0.000000000000000              
5794  -1.049894951958571D-04  -1.166983112230448D-03    0.000000000000000              
5795  -1.052463439745581D-04  -1.166983112230448D-03    0.000000000000000              
5796  -1.055031927532589D-04  -1.166983112230448D-03    0.000000000000000              
5797  -1.057600415319599D-04  -1.166983112230448D-03    0.000000000000000              
5798  -1.060168903106609D-04  -1.166983112230448D-03    0.000000000000000              
5799  -1.062737390893617D-04  -1.166983112230448D-03    0.000000000000000              
5800  -1.065305878680627D-04  -1.166983112230448D-03    0.000000000000000              
5801  -1.067874366467634D-04  -1.166983112230448D-03    0.000000000000000              
5802  -1.070442854254644D-04  -1.166983112230448D-03    0.000000000000000              
5803  -1.073011342041652D-04  -1.166983112230448D-03    0.000000000000000              
5804  -1.075579829828662D-04  -1.166983112230448D-03    0.000000000000000              
5805  -1.078148317615672D-04  -1.166983112230448D-03    0.000000000000000              
5806  -1.080716805402680D-04  -1.166983112230448D-03    0.000000000000000              
5807  -1.083285293189690D-04  -1.166983112230448D-03    0.000000000000000              
5808  -1.085853780976698D-04  -1.166983112230448D-03    0.000000000000000              
5809  -1.088422268763708D-04  -1.166983112230448D-03    0.000000000000000     
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